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A B S T R A C T
The synthesis o f  [N,N'-bis(acetic)-N,N'-bis(acetanilide)]ethylenediamine(eddada) 
and its characterisation by lH  and 13C NMR, IR and elemental analysis are reported. 
The interaction o f  this ligand with metal cations (Cu2+,Co2+,Ni2‘ ,Cd2+,Hg2+and Pb2 ) 
in butan-l-ol was investigated spectrophotometrically and the stoichiometry ( 1 :1) o f  
the complexes was derived.
Potentiometric titration curves o f  ed d a d a  with hydrochloric acid in water at
298.15 K show two inflection points corresponding to the protonation o f  the amino 
nitrogens o f  the ligand. The derived dissociation constants( expressed as pKa 
values) are much lower than corresponding data for EDTA. These results are in 
agreement with the dramatic decrease previously observed for EDTA derivatives 
containing acid carbonyl groups attached to the nitrogen donor atoms through a 
methylene spacer.
Stability constants o f  eddada and metal cations (Cu2+, Co2+,Ni2+,Zn2+,Cd2+,Hg2+and 
Pb2+) in water at 298.15 K were determined potentiometrically. These data were 
used to calculate the selectivity increase o f  mercury relative to other cations in 
water. Based on stability constant data, six metal-ion complexes were isolated and 
characterized by microanalysis and infrared spectroscopy.
Thermodynamic data for the complexation o f  ed d ad a  with metal cations in N,N- 
dimethylformamide at 298.15 K show poor selective properties o f  this ligand for 
metal cations in this solvent. In fact, the similar Gibbs energies calculated are the 
result o f  an enthalpy-entropy compensation effect.
Extraction experiments in the water-butan-l-ol solvent system show that ed d ad a  
extracts selectively metal cations from the aqueous solution to the organic phase. 
The most efficient behavior for metal-ion extraction by this ligand occurs at 
approximately pH 4.
Attempts to introduce ed d a d a  into a polymeric framework were successful. It is 
concluded that the new polymeric material behaves not only as an extracting agent, 
but also as an ion exchanger. This is confirmed by the presence o f  sodium ions in 
the aqueous solution at equilibrium. The polymeric material is easily recycled. 
Suggestions for further work in this area are given.
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C H A P T E R  I  
IN T R O D U C T IO N
Since the w o rk  invo lved  in this thesis is m ain ly  related to the synthesis o f  an 
ethylenediam inetetraacetic acid (E D T A )  derivative, a general rev iew  about E D T A  
and its related compounds is firs t given.
1.1.1 E tliy le iie d ia in in e te tra a c e tic  ac id  (E D T A ) .
Ethylenediam inetetraacetic acid (also know n as com plexone I I ,  Versene or chelaton  
2)  is now  a w e ll kno w n  and w id e ly  used reagent in analytical chemistry. I t  form s  
w ater-soluble com plexes w ith  most m etal ions and is extensively used as a titrant 
fo r  m etal ions. This com pound was firs t synthesised by Farbnindustrie in  the m idd le  
th irties .1 Its elem ental fo rm u la  is C j o H ^ O g ^ .  The structural fo rm u la  (H 4Y )  is 
shown below :
1.1 Introduction
HOOCCH.re + + X H 9COOH
2 ^NHCH9CH9NET 2 
-OOCCH2-^ 2 2 CHjCOO-
E D T A
T h e  disodium  salt, N a 2H 2Y .2H 20  (kn o w n  as com plexone I I I )  is the most com m on  
E D T A  derivative. Th e  so lub ility  o f  E D T A  and its sodium salts in  w ater at d ifferent 
temperatures are shown in  ta b le t. 1 .
1
Table 1.1 Solubility o f  EDTA and its sodium salts in water at different 
temperatures.
Substance 2 9 6 IC* 343 IC* 353 IC*
h 4y 0 . 2 0 . 2 0.5
NaH3Y 1.4 1.4 2 .1
Na2H2Y 1 0 .8 13.7 23.6
Na3H Y 46.5 46.5 46.5
Na4Y 60.0 59.0 61.0
* Calculated by the author fro m  data in  g /10 0 m l solution given in  the literature2 
The co-ordination chemistry o f  these compounds indicates that five or six- 
membered chelate rings are the most stable metal-ion complexes and thus it is 
apparent that the most useful chelating agents are those which favour the formation 
o f  such rings. The active sites for complexation o f  EDTA and metal cations are the 
nitrogen atoms and the carbonyl oxygens o f  the acetate groups. It is well known that 
acetate ions form complexes with nearly every metal and that the nitrogen atom in 
amines also exerts a powerful complexing action. In EDTA, these two chelate- 
forming groups are arranged in such a way that the co-ordination centres in the 
molecule are easily accessible and are just the correct distance apart to ensure the 
formation o f  five-membered rings, across the ethylenediamine bridge.
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1.1.2 EDTA Reactions.
The reactions and properties o f  EDTA may be considered conveniently under a 
number o f  headings. These are summarised as follows:
1 .1 .2 .1  M e ta l-c a t io n  co m p le x a tio n  reactions.
1 .1 .2 .2  S to ic h io m e try  o f  c o m p lex  fo rm a tio n .
1 .1 .2 .3  S ta b ility  o f  m e ta l- io n  com plexes o f  E D T A  in  w a te r.
1 .1 .2 .1  M e ta l-c a t io n  co m p lexa tio n  reactions.
EDTA (Y 4-) forms complexes with most metal ions, by direct titration or through an 
indirect sequence o f  reactions. The complexation process may be represented by:
Mn+ + Y 4- <=> M Y 11" 4  (1.1)
The apparent stability constant, K s is given by 
Kg =  [M Yn-4 ]/[M n+] [Y4“] (1.2)
where [MY11-4] , [1VP1+] and [Y4“] are the concentrations o f  the complex, metal 
cation and anion on the molar scale (mol dm-3).
In eqn 1.2, K s is defined for a reaction species involving Y 4" which is only one o f  
the seven different forms o f  free EDTA present in aqueous solutions. Table 1.2 
shows that the formation constants (expressed as log Ks) for most EDTA complexes 
in water are quite large and these tend to be larger for the more positively charged 
metal ions.
In many complexes, the EDTA ligand completely engulfs the metal ion, forming the
• • 3 « •six-coordinate species shown in Fig. 1.1. In this structure, the metal ion is 
octahedrally co-ordinated to two nitrogen atoms occupying adjacent positions and 
four positions occupied by the carboxyl oxygen atoms. In some cases, the carboxyl 
oxygen atom draws back toward the nitrogen atoms. Such distortion opens up a 
seventh co-ordination position4 which is taken up by a water molecule as shown in 
Fig. 1.2.
J
O M n O C N
F ig  1.1 S ix -c o o rd in a te  g eo m e try  o f  a m e ta l-E D T A  com plex
4
° F e  • h 2 o # o  0 c  # n
F ig  1 .2  S even -co o rd in a te  g eo m e try  o f  F e ( E D T A ) .H 20
Tablet.2 Stability constants (log Ks) o f  EDTA and metal cations in water at 
298.15K*
Cation5 6^ log Ks Cation5 ’6 log Ks
Na+ 1.7 Fe3+ 25.1
Li+ 2 . 8 Sm3+ 17.1
Ag+ 7.2 Yb3+ 19.4
Sr2+ 8 . 6 Co2+ 15.4
y 2 + 12.7. Al3+ 16.3
Mn2+ 13.5 Zn2+ 16.1
Cd2+ 16.4 Hg2+ 2 1 . 8
Gd3+ 17.3 Co3+ 36.0
*Ionic strength, I  =0.1 mol dm~8 KNO$
5
The infrared spectra o f  EDTA complexes with bi and trivalent ions have been
'7-10 • • •
investigated by several authors. These studies indicated that when the frequency 
o f  the carboxylate group o f  EDTA is shifted to 1600 cm -1  the bonding is ionic, 
while shifts in the frequency o f  this group to 1650 cm -1  are characteristic o f  
covalent bonding.
1 .1 .2 .2  S to ic h io m e try  o f  co m p lex  fo rm a tio n .
Among known complexing agents, EDTA shows exceptional properties for its 
abilities to react stoichiometrically and instantaneously with nearly every metal-ion 
with which it chelates. It is therefore possible to carry out direct complexometric 
titrations with this reagent, an operation which is not often practicable with most 
other complexing agents , because o f  theirstett kinetics. For quantitative reactions, 
excess quantities o f  the ligand are required. An exception to the general rule o f  
instantaneous complexation with EDTA is found in its reaction with Cr(III). It is 
probable that this slow reaction is related to the degree to which water molecules are 
co-ordinated to the Cr(III) ion in solution , and merely results from a competition 
process between EDTA and water molecules for the co-ordination centres. Slow 
reaction between EDTA and other metal ions in water,[i.e Al(III)] has been 
recorded, but this can generally be attributed to the fact that the working pH was not 
optimum for complex formation.. Most methods utilising EDTA are titrimetric 
procedures and therefore, they have limitations as far as the pH ranges at which the 
various metal ion indicators can be used. For this reason, it is frequently difficult to 
ascertain the optimum pH range for complex formation. Ringbom”  has determined 
the optimum pH conditions to favour complex formation between EDTA and metal 
cations in water, and these are shown in table 1.3.
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Table 1.3 Optimum pH values for complex formation o f  EDTA and metals cations 
in water at 298.15 K.
Ion Optimum pH
M g2+ 1 0 .0
Ca2+ 7.5
Mn2+ 5.5
Fe2+ 5.0
Fe3+ 1 .0
Zn2+ 4.0
Co3+ 4.0
Cu2+ 3.0
Pb2+ 3.0
Ni2+ 3.0
1 . I .2 .3  S ta b ility  o f  m e ta l- io n  com plexes o f  E D T A  in  w a te r .
The solution pH has a remarkable effect on the stability o f  the various EDTA metal 
complexes. Thus, stable complexes are found in alkaline solutions. The alkaline 
earth chelates are known to decompose below pH 7, whereas those o f  the more 
stable metal-ion complexes (Cu2+,Ni2+ and Pb2+) in quite acidic solutions 
(Tablet.3). These findings make possible the selective titration o f  the latter metal 
cations in the presence o f  the former metal ions. Trivalent cations are usually more 
strongly chelated by EDTA than divalent ions. Thus, the stabilities o f  EDTA- 
trivalent transition metal cation complexes are higher in strongly acidic solutions. 
The remarkable stability o f  the Co(III) complex (log Ks = 36) is demonstrated, as 
mentioned previously, by the fact that it is not decomposed even by concentrated 
hydrochloric acid. Most o f  these transition metals are precipitated from solutions at
7
high pH even in the presence o f  EDTA. This is due to the low solubility products o f  
their hydroxides rather than to the instability o f  the EDTA complexes.
1 .1 .2  O th e r  C o m p lexones.
Other complexones have been synthesised and their complexing properties for metal 
ions evaluated. Among them are Nitrilotriacetic acid (NTA) shown in Fig 1.1 and 
1,2-diaminocyclohexanetetraacetic acid (DCTA) shown in Figl.2.These 
complexones contain aminocarboxylic groups linked in different ways and as result, 
the stabilities o f  their metal ion chelates show variations which can be exploited for 
practical purposes. Some o f  the properties o f  these complexones are discussed 
separately.
/ C H 2COOH 
N- CH2COOH 
"  CH2COOH
F ig  1.1 N itr i lo tr ia c e t ic  ac id  (N T A )
+ . c h 2c o o  
n h t  
xc h 2c o o h  
+ / C h 2c o o  
NH 
c h 2c o o h
F ig  1 .2  l,2 -d ia m iiio c y c lo h e x a n e te tra a c e tic  ac id  (D C T A )
1 .1 .2 .1  N it r i lo tr ia c e t ic  ac id  (N T A ) :
N TA ( also called trimethylamino tricarboxylic acid, complexone I,or Trilon A )12-
14 reacts with cations in a similar manner to that o f  EDTA. For this ligand, there
are only three carboxyl oxygens and one basic nitrogen taking part in complex
formation. Because the chelate effect o f  this ligand is weaker than EDTA, the
complexes formed are less stable than the corresponding EDTA complexes as
8
reflected in the stability constants o f  NT A  and metal cations in water at 298.15 K  
listed in table 1.4. From this table, it is observed that although there is a decrease in 
stability related to EDTA complexes, very stable species are formed between N TA 
and these cations in water. N TA and EDTA show the same stability sequence for 
metal cations in aqueous medium.
Table 1.4 Stability constants o f  NTA-metal ion complexes in water at 298.15 K . 15
Cation log K s Cation log K s
Ba2+ 4 . 8 Co2+ 1 0 . 3
Sr2+ 4 . 9 La3+ 1 0 . 4
M g2+ 5 . 4 Zn2+ 1 0 .6
Ag+ 5 . 4 p b 2 + 1 1 . 3
Ca2+ 6 . 4 Ni2+ 1 1 . 5
Fe2+ 8 .8 Cu2+ 1 2 . 9
Cd2+ 9 . 8 Fe3+ 1 5 . 8
There is little to be said about the use o f  N TA in analysis. It acts in essentially the 
same manner as EDTA but it has been used very little on account o f  its weaker 
complexing power. Two representative examples o f  its use are given:
(i) The determination o f  nickel and cobalt16’ 17by the acidimetric procedure o f  
Biedermann and Schwarzenbach17
(ii) The titration o f  calcium, cadmium, cobalt, copper, mercury, nickel, lead, zinc, 
aluminium,and magnesium by a similar acidimetric procedure18
1 .1 .2 .2  1 ,2-d ia m in o c y c lo h e x a n e te tra a c e tic  ac id  ( D C T A ).19
The complexing ability o f  DCTA is again similar to that o f  E D TN . It differs
essentially in that the replacement o f  the ethylene bridge between the two nitrogens 
a C ^ d o  h t* a n t rlnq
in EDTA by P .... bond in DCTA introduces steric factors which are not existent
ii
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in the former case. Thus, free rotation about the C-C linkage in the ethylenediamine 
bridge o f  EDTA is possible. In DCTA this rotation is restricted and the compound 
can exist in either "chair" or "boat" conformation. This steric factor in p C 'fQ  
offers some advantages since it partially increases the complexing power o f  the 
iminodiacetic acid groups in DCTA as reflected in the stability constant data (Table 
1.5) where metal ion- DCTA complexes are more stable than corresponding EDTA 
complexes .2 0
Table 1.5 Stablity constants o f  DCTA-cation complexes in water at 298.15 K *
Cation log K s Cation log K s
Ba2+ 7.9 Co2+ 18.9
M g2+ 10.3 y3+ 19.2
Ca2+ 12.5 Cd2+ 19.2
Ce3+ 16.7 Pb2+ 19.6
Mn2+ 16.8 Cr3+ 2 0 . 6
Al3+ 17.6 Cu2+ 21.3
Sm3+ 18.3 Lu3+ 21.5
Zn2+ 18.6 Ga3+ 22.9
Gd3+ 18.7 Hg2+ 24.3
*  Io n ic  strength; I  = 0 .1  m ol d n r3 in KNO3
Because o f  its strong complexing power , DCTA has already found applications in 
analytical chemistry; such as the titration o f  lead, zinc , nickel and even calcium in 
relatively acidic solutions. One o f  the factors which must be taken into consideration 
when using DCTA as a titrant is the fact that it reacts much more slowly with some 
cations than EDTA.
Besiderthe complexones mentioned earlier, there are some other EDTA derivatives 
known as bifunctional chelating agents21which are o f  interest in radiolabelling, and
10
as tumour imaging reagents. These compounds synthesised by Mears and co­
workers2 2  known as l-(yz-aminophenyl)ethylenediaminetetra-aceticacid, and l - ( 2 - 
carboxyethyl)ethylenediaminetetra-acetic acid, are shown in Figs. 1.3 and 1.4, as an 
approach to covalent attachment o f  metal chelates to macromolecules23,24. Such 
chelates bind a wide range o f  ions, including those which act as radioactive tracers, 
and as such may have applications in radiolabelling o f  antibodies25.
0 2CCH2 f  ho2cch2^ h
H02CCH2 CH CH2 CH2C°2
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F ig u re  1 .3 l= (p ~ a m m o p h e n y i)e th y le iie d ia m iiie te tra -a c e tic  acid
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I
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F ig u re  1.4 l- (2 -C a rb o x y e th y l)e th y Ie n e d ia m m e te tra -a c e tic  acid
More recently a number o f  bis(3,5-dioxopiperazin-l-yl)alkanes have been
synthesised by Imperial Cancer Research with some success as antitumour agents.
These, and the propane derivative shown in Fig. 1.5 have been marketed for such use
as an antitumour drug (Razoxane)25’26. Initially, the design o f  these drugs was
based on the fact that these are sufficiently lipophilic to penetrate intracellular sites,
where they undergo hydrolytic metabolism o f  either one or both o f  the imide
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groups. In this way, powerful chelating agents which interfere with essential 
metalloenzymes for tumour cell growth were produced.
1 .1 .3  A p p lic a tio n s  o f  E D T A  a n d  its  d e riva tives .
The ability o f  EDTA and its derivatives to form very stable and soluble chelates 
with many metal cations led to search for their applications in analytical chemistry, 
and in industrial and biological processes.
1.1 .3 .1  A n a ly tic a l ap p lica tio n s .
The interaction between EDTA and metal ions in aqueous medium occurs very 
rapidly forming highly stable complexes (Table 1.1) o f  1:1 (metal cation : ligand) 
stoichiometry. Such characteristics make these reactions ideally suited for the 
development o f  volumetric procedures for the analysis o f  metal ions. However, 
these reactions are influenced by the pH o f  the solution and some selectivity towards 
metals can be achieved by controlling this parameter .Thus, in acidic solutions ( pH
1-3), tri- and tetravalent metal-ions able to form very stable complexes with EDTA 
can be titrated without interference from divalent cations. In the pH range from 5 to 
6  , most divalent cations, (except the alkaline earth) are complexed. Alkaline earth 
complexes o f  EDTA with relatively low stabilites, can only be titrated in alkaline 
medium, at pH 10 or above.
One o f  the first developments on volumetric quantitative analysis using EDTA 
involved the determination o f  hydrogen ions ( released during the complexation 
process ) by titration with standard alkali. This method was originally used in the 
determination o f  calcium and magnesium. It has been superseded by much more
CH3
//o
ch 2— c
w
o
F ig  1 .5  l ,2 -b is (3 ,5 -d io x o p ip e ra z in - l-y I)p ro p a n e
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generally applicable procedures in which changes in the concentration o f  the free 
metal ion, rather than hydrogen ion, are monitored directly. As the solution 
containing metal ions is titrated with EDTA , the concentration o f  the uncomplexed 
metal ion decreases gradually until, at the end point (that is, when the molar ratio o f  
EDTA added to the metal salt present is exactly 1:1), this quantity shows a very 
sharp drop. The size o f  this change is dependent, on experimental conditions such 
as the pH o f  the solution and the nature o f  other ligands present. The decrease in 
metal ion concentration can be observed during the course o f  a titration by using 
metallochromic indicators. These indicators are chelating agents which contain 
chromophoric groups. The requirement concerning the stability o f  their complexes 
relative to those o f  EDTA is generally met by the arrangement o f  functional groups 
within their molecular structure. This is such that fewer chelate rings are formed 
when the metal-indicator complex is produced than when the metal is complexed by 
EDTA.
These indicators were introduced by Schwarzenbach27. Murexide was the first 
indicator used for calcium (Fig 1.6) and Eriochrome Black T (Fig 1.7) for 
magnesium.
Murexide is the ammonium salt o f  purpuric acid. In solutions up to pH 9, this ion is 
reddish-violet in colour and above pH 9, a blue-violet colour is developed. 
Murexide reacts with metal ions using its central nitrogen and the oxygens o f  the 
carbonyl groups as donor atoms. With a few metal-ions, such as calcium, nickel, and 
the rare earths, these complexes are sufficiently stable for use in volumetric analysis. 
Eriochrome Black T is the first o f  a family o f  o-dihydroxyazodyes which has been 
developed as a metallochromic indicator. The sulphonic acid group loses its proton 
in quite acidic solutions. Metal complexes o f  Eriochrome Black T are red and so the 
pH range best suited for this indicator is between 7 and 11.
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Another important group o f  indicators with acid-base properties are those containing 
one or more imidodiacetic acid groups. The most widely used indicator o f  this type 
is Xylenol Orange(Figl.8 ). It is particularly useful in the titration o f  highly charged 
ions, such as Zr4+, Bi3+, and Th4+, which form EDTA complexes at quite low pHs. 
Chromophoric derivatives not only can be used as metallochromic indicators , these 
are also very useful in spectrophotometric determinations o f  trace metals28’29. For 
instance, xylenol orange is used for the determination o f  Cu(II) and U ( V I ) .
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F ig  1 .8 X y le n o l O ra n g e
1 .1 .3 .2  In d u s tr ia l  a p p lica tio n s .
Salts o f  EDTA (particularly the tetrasodium salt Na4 Y ) are used at different stages 
o f  many industrial processes as sequestering agents for metal ions. Such compounds 
are very effective because o f  the great stability o f  their complexes. Thus, the 
calcium and magnesium complexes have larger stability constants than those 
involving other generally available chelating agents like polyphosphates. Moreover, 
the ability to sequester alkaline-earth metal ions remain virtually constant over a 
wide pH range in contrast to that o f  the polyphosphates.
Other advantages o f  EDTA salts are the stability o f  their aqueous solutions to 
prolonged heating and their chemical inertness towards alkaline medium.
One common application o f  EDTA is its use in the prevention or removal o f  scale 
in boilers. It is known that , hard water containing dissolved calcium and 
magnesium salts is used in boilers. As a result, insoluble compounds such as 
carbonates, phosphates, silicates, and sulphates are deposited as scale. This can be 
removed by the addition o f  Na4Y  to the boiler feed-water to render the scale 
soluble.
Other significant industrial application is that concerning the lanthanides separation.
Because o f  the similarities in their ionic size and chemical properties, several
lanthanide elements are always found together in rare-earth minerals. As a
consequence, the separation and isolation o f  individual lanthanides present
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considerable problems. A  major motivation for devising an effective separational 
procedure has been to obtain macro-quantities o f  the pure elements so that their 
physical and chemical properties can be thoroughly studied and applications for the 
individual metals can be developed. Chelating agents have been used in several 
ways to achieve separations o f  the rare earths in a very pure state. Classical 
separational methods applied to this problem involved either fractional 
crystallization or fractional precipitation. For example, the separation o f  lanthanum, 
praseodymium, and neodymium can be achieved by fractional crystallisation o f  the 
double nitrates with ammonium nitrate, Ln(N0 3) 3 .2 NH4N 0 3 .4 H2 0 . Fractional 
precipitation requires the use o f  a deficiency o f  precipitating agents30.
Chelating agents such as N TA and EDTA have been used to promote the 
effectiveness o f  fractional precipitation methods. Thus, a mixture o f  rare-earth 
oxalates can be fractionated by dissolution in a weakly alkaline solution o f  NTA 
followed by careful acidification to cause fractional precipitation o f  the oxalates. In 
a solution containing a mixture o f  rare-earth oxalates, which have approximately 
the same solubility , those forming weaker complexes with NTA precipitate at a 
higher pH than those forming more stable complexes.
1 .1 .3 ,3  B io lo g ica l ap p lica tio n s
EDTA and its derivatives have shown powerful chelating properties towards some 
metal cations. These phenomena have found wide applications in biology such as:
1-Chelation therapy.
2- Anticancer drugs.
3- Removal o f  toxic elements.
1- Chelation therapy
In a biological system, the concentration o f  metal ions and their complexes are 
controlled within narrow limits. I f  the natural balance o f  these concentrations is
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disturbed by internal or external sources , the organism can no longer behave 
normally and disorder results.
Thus, a number o f  major diseases are associated directly with changes in the 
concentration o f  trace metal ions in certain tissues and body fluids. For example , in 
patients suffering from Wilson's disease, the natural mechanism for the control o f  
copper concentrations is disturbed with an increase in the amount o f  copper found in 
biological tissues such as liver, brain, and kidneys.
A  deficiency o f  any essential metal ion in the body similarly disrupts the functioning 
o f  a living system. For instance, zinc deficiency results in a reduced enzyme activity 
and the breakdown o f  the normal metabolic processes. Probably the best known 
example o f  the effect o f  metal deficiency is that o f  anaemia which results from the 
lack o f  iron and hence, insufficient haemoglobin for the red blood cells. On the 
other hand , organisms cannot tolerate unusually high concentrations o f  these metal 
ions which perform useful biological function. Thus, iron poisoning commonly 
results from the ingestion o f  excess quantities o f  iron compounds, leading to the 
condition known as siderosis. An excess o f  aluminium leads to Alzheimer's disease. 
Again, if  the extracellular concentration o f  potassium ion is increased to double the 
normal amount, heart disorders and possibly even death result. To overcome metal 
toxicity in the biological system, chelation therapy was introduced. The 
requirement for a chelating agent to be used in therapy are as follows:
(i) It should be o f  low toxicity.
(ii) It should not be easily metabolised.
(iii) It should be able o f  co-ordinating the metal ion strongly (high stability).
(iv) It should be fairly selective for application in therapy.
The earliest chelation therapy was conducted in 1946 at the University o f  Zurich 
using EDTA for the removal o f  calcium from atheromatous arterial plaques in 
vivo31. Later, Bolick3 2  demonstrated the effectiveness o f  EDTA for the removal o f  
calcium from coronary vessels. Clark33  also reported his best results in patients
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with intermittent caudication o f  the legs and in occlusive vascular disease affecting 
the brain.
In the case o f  patients suffering from iron intoxication (P-thalasemia anemia), 
chelation therapy is introduced in the form o f  an EDTA derivative. For these 
purposes, calcium trisodium diethylenetriaminepentaacetate (Fig 1.9), and Dicalcium 
disodium triethylenetetraaminehexaacetate (Figl.10) are commonly used.3 3 ’ 3 4
Na+ N a+
F ig  1 .9 D ic a lc iu m  d iso d iu m  tr ie th y le n e te tra a m in e h e x a a c e ta te (C a 2N a 2T T H A )
O
F ig  1 .10  C a lc iu m  tr is o d iu m  d ie th y le n e tr ia m in e p e n ta a c e ta te  (C a N a 3D T P A )
Other chelating agents for Fe(III) such as HBED (F ig l .l l )  and EHPG (1.12) were
suggested. The experimental data confirmed the fact that Fe(HI) can form very
stable complexes with these ligands in water. Thus, log IC;. values o f  39.68 and
18
36.91 have been reported for Fe(III).HBED and Fe(III).EHPG, respectively in water 
at 298.15 K. A  new ligand called PLED (Fig 1.13) similar to HBED was reported 
by Taliferro34. This ligand has found significant applications in iron overload as 
well as in radiopharmaceutical processes involving Ga(III) and In(III).
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Despite the high stability shown by the chelating agents for the ions mentioned 
above , their lack o f  cation selectivity is a disadvantage, since the major problem o f  
chelation therapy is how to remove toxicity without simultaneously reducing the 
concentration o f  other essential metal ions below the limits o f  safety. Consequently, 
the synthesis and design o f  chelating agents with specific cation binding properties 
is a research area o f  ultmost importance. In this context, two ligands highly selective 
for Fe(III) have been synthesised by Turowske35  :
I) Ethylenedinitrilo-N,N'-diacetic-N,N'-bis(N-2-propylacetohydroxamic) acid 
(Figl.14) ( log Ks = 30.2 in water at 298.15 K).
II) Diethylenetrinitrilo-N,N',N"-triacetic-N,N'"-bis(N-2-propylacetohydroxamic) 
acid (Figl.15) ( log Ks =29.7 in water at 298.15 K).
Stability constant values were higher than usual for dihydroxamate ligands. These 
ligands are easily prepared on a relatively large scale in good yields using EDTA 
and DTP A  as starting materials.
O
F ig  1 .14  D i- is o p ro p y l E D T A - D X
F ig  1 .15  D i- is o p ro p y l D T P A - D X
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2- Anticancer drugs.
The development o f  the cancer chemotherapeutic agent 1,2-di(3,5-dioxopiperazin-1 - 
yl)propane (ICRF 159) (Figl.16) began at the Imperial Cancer Research Fund 
Laboratories, London, over three decades ago.
The drug belongs to a family o f  bis-dioxopiperazines, the parent compound being 
EDTA, a powerful chelating agent. Interest in this group was stimulated by Furst's 
hypothesis3 6  that most drugs which retard the growth o f  human or experimental 
neoplasms are actual or potential chelating agents
Ethylenediaminetetraacetic acid (EDTA), one o f  the most powerful chelating agents 
for divalent cations, failed to demonstrate any significant antitumour activity37-39. 
This is not surprising because o f  its highly polar nature would not be expected to 
penetrate readily the vulnerable intercellular sites. Less polar derivatives o f  EDTA 
might well do so and once in the cell, they break down to yield effective chelating 
agents. This would also have the advantage o f  being more effective in retarding 
tissue. They would also have the advantage o f  being more likely to pass the blood- 
brain barrier. Most anti-leukaemic drugs fail to fulfil these requirements and so their 
capacity to eliminate leukaemic cells are reduced40. Antitumour agents were sought 
among the less polar derivatives o f  EDTA. However, a few compounds synthesised 
in a series o f  bis(dioxopiperazines) did exert cytoxic activity41. Ethyl and methyl 
esters o f  EDTA were inactive and the reaction between the EDTA and formamide in 
an attempt to prepare the tetraamide generally yielded the diimide via loss o f  
ammonia. Initial screening results with the bis(dioxopiperazine) o f  EDTA (ICRF- 
154; Fig 1.17) were encouraging and prompted the synthesis o f  other derivatives. 
Early investigators revealed that antitumor,' activity was retained by the insertion o f  
a methyl (ICRF-159). Like many new anticancer drugs, ICRF-159 received its first 
clinical examination against acute leukemias. Hellmann4 2  carried out a preliminary 
clinical assessment in six patients with acute leukemia and three with 
lymphosarcoma. In these studies a mixture dose o f  40 mg/kg/day for 4 days caused
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a dramatic fall in circulating blast cells in seven out o f  nine patients treated. Partial 
bone marrow remission was developed in one o f  the patients. No cross-resistance 
was observed with other cytotoxic agents even where patients had received 
extensive prior chemotherapy. No toxic signs attributable to the drug were seen . 
More recently ICRF-159 has been used in combination with cytosine arabinoside in 
elderly patients with acute nonlymphoblastic leukemia. In these patients complete 
and partial remissions were obtained with very few side effects .43
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Another interesting aspect o f  the applications o f  EDTA derivatives in this area is the 
attachment o f  radioactive metal ions ( m In, 6 7 ’6 8 Ga, 1 5 3Gd) to monoclonal 
antibodies for the diagnosis and treatment o f  cancer. In this context, a wide range o f  
bifunctional chelating agents (BFCA) have been developed .4 4  These chelating 
agents possess functional groups capable o f  binding a metal ion and additional 
groups which allow covalent linkage to the protein. Brechbiel et a lA 5 have reported 
the synthesis o f  1 -(p-aminobenzy 1)-DTPA (1B-DTPA, Fig 1.18) which has 
beneficial application in tumour imaging.
3- Removal of toxic elements.
Lead is a cumulative poison in man and it affects the central nervous system, it is 
particularly liable to cause brain damage in children. Lead poisoning is a hazard 
associated with a number o f  industrial processes. Lead poisoning can also result 
from the uptake o f  lead from the drinking water. For the relief o f  symptoms o f  lead 
poisoning, the most useful chelating agents have been found to be EDTA and other 
aminopolycarboxylic acids.
The monocalcium disodium salt o f  EDTA is used in the standard procedure for the 
treatment o f  lead poisoning. This form is used rather than one o f  the sodium salts o f  
EDTA because the addition o f  calcium with the chelating agent avoids problems o f  
calcium-ion depletion. This would otherwise en$ti£ because o f  the tendency to form 
the stable water soluble calcium-EDTA complex.
In acute cases o f  lead poisoning, intravenous injection o f  Ca2Na2-EDTA leads to a 
rapid excretion o f  the lead-EDTA complex into the urine: EDTA is not readily 
metabolised and most o f  the injected calcium complex is, therefore, excreted in the 
urine. The non-selectivity o f  this kind o f  chelating agent is illustrated by the fact 
that this treatment also leads to an increased excretion o f  copper and manganese, 
together with the depletion o f  zinc reserves in the body. It is then necessary to
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ensure that, after chelation therapy, the concentrations o f  these essential ions are 
restored to normal by the administration o f  suitable preparations containing them46.
1 .1 .3 .4  E x tra c t io n  o f  com plexes
It is interesting to estimate the possibilities o f  extraction o f  metal ion compounds 
with EDTA in the presence o f  large cations. In extraction methods involving the 
addition o f  EDTA as masking agent, the masked ions may pass into the organic 
phase.
The stoichiometry o f  the metal cation-EDTA complexes is often 1:1 if  the pH is 
sufficiently high, the resulting complexes are mainly o f  the anionic type with a 
charge o f  4-n, where n is the charge o f  the cation. Hydroxo complexes with a 
different charge may also be formed. In the presence o f  organic cations it should be 
expected that singly charged complexes will be better extracted than multi charged 
complexes. It may also be expected that the nature o f  the solvent will be a major 
factor. The extracted ionic associate would include very large ions and for this 
reason, under other identical conditions, the extent o f  the extraction should increase 
if  the solvents employed have a high dielectric constant. On the other hand the 
coordination sphere o f  the metal ion may not be fully occupied by the EDTA 
molecule and may retain some water molecules. For this reason extraction will be 
more satisfactory with coordinatively active solvents, such as the alcohols.
Zolotov and Alimarin4 7  studied the extraction o f  Fe3+ and Th4+ by solutions 
containing EDTA in the presence o f  tetraphenylarsonium(TPA) and 
diphenylguanidinium (DPG) chlorides. They found that Fe3+ and Th4+ can be 
extracted by a number o f  solvents. In the absence o f  TPA and DPG these ions are 
not extracted from solutions o f  EDTA; nor does extraction take place without 
EDTA, even i f  TPA and DPG are present in large concentrations. The extraction o f  
Fe3+ was studied in more detail and it was found that the extraction o f  these cations 
from water largely depends on the nature o f  the solvent. Thus, the extraction o f  Fe3+
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is enhanced if  a mixture o f  isobutanol with nitromethane is used. The extraction o f  
iron increases with increasing the concentrations o f  TPA and DPG, a much higher 
cation concentration being necessary in the presence o f  DPG. The extraction also 
depends on the concentration o f  EDTA. Moore4 8  studied the extraction o f  anionic 
complexes o f  different organic acids in the presence o f  amines o f  high molecular 
weight, e.g. extraction o f  trivalent actinides and lanthanides using Aliquat 336-S- 
xylene as a solvent because it functions as an excellent extractant from both acid and 
alkaline solutions. Primary, secondary, and tertiary amines, in general, are useful 
extractants only from acid solutions. Moore proposed that the extraction process 
takes place as follows:
M 3+(aq) + H2Y 2 -(aq) <=========> M Y “(aq) + 2H+(aq) (1.3)
MY-(aq) + R 3 CH3NY(org) < = = = = >  R 3 CH3NM Y(org) + Y~ (1.4)
In eqns. 1.3 and 1.4, M 3+ refers to a trivalent lanthanide or actinide, H2 Y2" is the 
anionic species o f  EDTA, R3 CH3N Y is tricaprylmethylammonium-EDTA (Aliquat 
336-S-EDTA).
The formation o f  aqueous anionic species o f  the metal ions (eqn.1.3) is followed by 
the extraction o f  this complex (eqn.1.4). The quaternary ammonium compound and 
its salt with the metal complex are essentially insoluble in aqueous solutions but 
highly soluble in most organic solvents. Systems based on other metal ions, organic 
acids, and amines behave similar to those described above.
The extraction o f  Am3+ and Eu3+ EDTA complexes with 20% Aliquat 336-S- 
xylene as a function o f  pH is shown in Table 1.6
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Table 1.6 Liquid-liquid Extraction of 241Am and152_4Eu Tracers with 
Tricaprylmethylammoiiium salts in Xylene (20%) from an aqueous solution of 
EDTA (0.002 mol dm 3)
Aqueous phase 
Disodium-EDTA 
mol dm"^
pH Tracer extracted, %  
2 4 1  Am 152-4Eu
0 . 0 0 2 1 .8 < 1 .0 < 1 .0
0 . 0 0 2 3.1 82.6 6 8 . 6
0 . 0 0 2 3.4 92.8 78.4
0 . 0 0 2 4.7 98.4 95.0
0 . 0 0 2 7.1 97.5 93.6
0 . 0 0 2 9.1 99.1 97.6
0 . 0 0 2 9.6 99.5 95.8
0 . 0 0 2 1 0 .0 >99.9 95.6
0 . 0 0 2 10.3 99.1 93.7
0 . 0 0 2 10.5 96.8 93.1
These data reflect that a high acidic medium ( pH~2 ) prevents the formation o f  the 
metal chelate and also causes precipitation o f  EDTA. At high pH (10.3-11.0) the 
extraction begins to decrease because o f  hydroxide competition for the metal ions 
and subsequent decomposition o f  the complex.
The extraction behavior o f  some typical lanthanide and actinide ions, cesium, 
strontium, and californium in the 2 0 %  Aliquat 336-S-EDTA xylene system, is 
shown in Table 1.7.
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Table 1.7 Liquid-Liquid Extraction of various metal tracers with 20% Aliquat 
336-S-EDTA-xylene at 295.15 K
Nuclide log Ks Tracer extraced, %  
pH = 4.7 PH = 9.1
l 3 7 Cs+ - < 1 .0 < 1 .0
85Sr2+ 8.7 27.8 9.8
144Ce3+ 15.98 86.9 98.0
148pr3+ - 93.9 97.0
1 5 3 Sm3+ 17.14 94.2 97.3
152-4gu3+ 17.35 95.0 97.6
91y3+ 18.09 56.6 86.7
170Tl3+ 19.32 33.6 70.0
2 4 1 Am3+ 18.16 98.4 99.1
2 4 4 Cm3+ 18.45 96.9 97.1
252cf3+ 19.09 95.5 96.0
The conditions at pH 4.7 and pH 9.1 for these metal cations are not necessarily the 
best, but simply indicate the potential o f  the method. Tervalent actinide ions are 
highly extractable from slightly acid or alkaline solution. The light lanthanide ions 
also show excellent extractability. However, there is a striking decrease in the 
extraction o f  yttrium. Thalium shows a further decrease in extractability, about one 
third o f  that o f  europium. The order o f  decreasing extractability for lanthanide ions 
at pH 4.7 are :
Eu3+ > Sm3+ >Pr3+ > Ce3+ >Y 3+ > Tl3+. The extraction behavior o f  the trivalent 
actinide ions , Am3+, Cm3+, and Cf3+ , in all cases is slightly higher than that o f  
Eu3+ , the most extractable lanthanide cation.
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The behaviour o f  the lanthanide ions JS interesting. Although the EDTA stability 
constants o f  the lanthanide ions increase regularly with Z  (atomic number), 
extractability decreases sharply for Y 3+ and the heavy lanthanide elements. 
Extractability based on simple electrostatic complexing where the e/r rule applies ( e 
= charge on cations, r = its radius ) probably explains the behaviour o f  the light 
lanthanide elements. For Y 3+ and the heavy lanthanide elements forces other than 
electrostatic attraction are apparent. A  possible explanation may be found in the 
steric effect associated with the EDTA anion.4 9  The bulky carboxylate groups 
encounter increasing difficulty in finding sufficient room around the lanthanide 
cations, whose radii decrease regularly with increasing Z. This results in relatively 
weak binding o f  the last one or two carboxylate groups, allowing the EDTA anion 
to change from a hexadentate to a pentadentate ligand. Water molecules may then 
fill one or two o f  the co-ordination sites o f  the metal ions. It seems reasonable to 
postulate that these extra water molecules around the smaller lanthanide inhibit their 
extraction into the organic solvent.
1.1 .4  C h e la tin g  io n  exchange resins
Chelating resins are ion exchangers in which various chelating agents such as 
dimethylglyoxime or iminodiacetic acid have been incorporated into the matrix o f  a 
styrene-divinylbenzene polymer. These substances combine two well-known 
analytical processes: ion exchange and complexation reactions. The combination o f  
the two processes in one single system is an innovation which greatly enlarges the 
scope o f  fundamental knowledge about ion exchangers and their applications.
The possibility o f  synthesising such resin, i.e. resin carrying functional groups 
showing specific behaviour towards particular ions, was predicted by Griessbaeh50  
in 1939. These types o f  ion exchangers would contain groups capable o f  complex 
formation with cations. In practice, a very wide range o f  complexing groups might
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be introduced into the resin matrix. The main interest has so far been largely 
focused on introducing chelating groups which are able to form stable complexes. 
Before the preparation o f  a chelating resin, the properties o f  the selected chelating 
agent as well as the possibility o f  introducing this agent into the macromolecular 
matrix o f  the exchanger should be estimated.
The chelating resin should possess a sufficient mechanical and chemical stability. 
An effective exchange capacity is needed. Furthermore, the rate o f  the exchange 
reaction should be relatively high.
The following properties are required51 for a chelating agent that is to be 
incorporated as a functional group into an exchange resin:
(i) The chelating agent must possess sufficient chemical stability so that, during the 
synthesis o f  the resin, its functional structure remains unchanged.
(ii) The chelating compound should yield the required resin or should be capable o f  
being incorporated by substitution into a polymeric matrix.
(iii) The chelating agent should possess properties which allow the formation o f  
chelate rings which are not influenced by the resin matrix. The specific arrangement 
o f  the ligands should be preserved in the exchanger.
It should be also taken into account that, besides the nature o f  the functional groups, 
the structure o f  the matrix also influences the properties o f  the resulting resin.
A  large number o f  compounds exist which satisfy these criteria and which may form 
functional groups in a series o f  chelating resins.
On comparing the functional groups o f  these resins, the conclusion reached is that 
only a few elements ( oxygen, nitrogen, sulphur, phosphorus and arsenic ) can 
function as electron donors in ligand (exchanging) groups. Table 1.8 lists the more 
common types o f  ligands in chelating resins as well as the purposes for which they 
are predominantly used.
The ordinary type o f  ion exchanger is distinguished from chelating resin by three 
main properties:
29
(i) The affinity o f  particular metal ions to a functional group o f  certain chelating 
resins depends mainly on the nature o f  the chelating group. The size o f  the ion, its 
charge and other physical properties are o f  secondary importance.
(ii) The strength o f  binding in an ordinary exchanger is o f  the order o f  8 - 1 2  kj mol"1. 
The same forces in chelating resins are appreciably higher (60-100 k j mol"1).
(iii) The exchange process in a chelating exchanger is slower than that in the 
ordinary type o f  exchanger and it is controlled either by particle diffusion 
mechanism or by second order chemical reaction.
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1.1.4.1 Some Chelating Resins Carrying Different Pendant complexing ligands.
A  large number o f  polymers falls under this broad definition. Several monographs 
concerned with functional polymers in organic reactions59”61, and reviews on 
polymer-immobilized metal complexes6 2 -6 4  are in the literature..
(1) Polymers carrying pendant oxygen ligands.
Styrene-DVB copolymers carrying pendant acyclic polyoxyethylene groups 
(Fig 1.19) were reported by Yanagida65. (3-diketone polymeric resins were 
mentioned by Bhaduri6 6  who alkylated pentane-2,4-dione with chloromethyl- 
styrene-DVB copolymer with sodium ethoxide as the base. Other polymers carrying 
(3-keto groups in the main chain, are the poly (bis-(3-ketoesters) (Figl.20) reported 
by Davydova67, and the poly (sodium 3-o-vinyl benzyl) gluconate-coacrylonitrile 
(Figl.21), prepared from the chloromethyl intermediate by nucleophilic 
displacement with sodium gluconate, was reported by Kobayashi68.
Fig 1.19 Styrene-DVB acyclic polyoxyethylene
( C H 2 + -
n
Fig 1.20 poly (bis-P-ketoesters)
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HOCH2— CH -CH —C H -C 0 2 Na2  | j 2
OHOH OH
Fig 1.21 Poly (sodium 3-o-vinyl benzyl) gluconate-coacrylonitrile
(2 )  P o lym ers  c a rry in g  p e n d a n t s u lfu r  ligands.
Sulfur ligands are known to complex most o f  the heavy transition metals. The 
interest in polymers o f  this type is mainly in pollution abatement and in the 
analytical field. Egawa and Maeda6 9  reported macroreticular polyglycidyl 
methacrylate beads carrying pendant mercapto groups (Figl.22) for the 
complexation o f  Ag(I), Hg(II), and Au(III).
Thioglycolate resins (Figl.23) , prepared from polymeric adsorbant XAD-4, for the 
collection and separation o f  A g ® , Bi(III), Sn(IV), Sb(III), Hg(II), Cd(II), Pb(II) 
and U(VI) were described by Fritz and coworkers70.
C H -C H - 
I J n
c o c h 2c h —ch2 
II I I
O SH SH
Fig  1.22 M acro re ticu la r polyglycidyl m ethacrylate resin
b C H - C H 2i H
Y  C H ,O C H ,C S H
I II
c h = c h 2 o
Fig  1.23 Thioglycolate resin
(3 )  P o lym ers  c a rry in g  p e n d a n t n itro g e n  ligands
An elegant synthesis o f  polymeric bis(phenol aldimines) (5) was shown by Aeissen 
and Woehrle71, by condensing the ligand (2) with chloromethyl polystyrene (1). 
The same polymer was prepared by the reaction o f  polymer (1) with 
bis(benzaldiminetripropylene diamine) to give polymer (3), followed by hydrolysis 
o f  the diamino propylaminomethylpolystyrene to give (4) Subsequent condensation 
with salicylaldehyde led to (5) (Fig. 1.24).
H
E c h -c h J ,
C H = N  N = C H
O H o h
— [c h - c h 2+
c h 2
(CH2)3^ N '-(CH 2)3 
NN
CH CH
H2N(CH2)3N -(C H 2)3NH2
(3) (4)
( c h 2 ) 3
=N
(CH2)3
OH
h = ch
HO
(5)
Fig 1.24 Synthetic scheme fo r phenolic aldoxim e polymers
Sasaki and Askawa7 2  also incorporated oligoethylimines in polymeric matrices (6 ) 
by condensation with chloromethylated polystyrene. This resin can form complexes 
with several transition metal ions.
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f—CH-CH2q X
CHjNH rCH?CH7NH-fCH2CI-I2NHCH2
(6)
A  large number o f  iminodinitrile and the corresponding iminodiacetic acid resin (7- 
9) were prepared by Friedel-Crafts acetylation o f  polystyrene, conversion to a -  
bromoacetylpolystyrene(7) and condensation with iminodiacetonitrile or 
iminodipropionitrile to dinitrile resin (8 ) and iminoacetate resins (9) (Fig.1.25)73
T CH C I h i „  — [CH-CH2—] [ CH-CH2
ii i nn
o=c
i
CH2Br
(7)
0 = C
I
ch2n
/(CH2)m—CN
v (CH2) -C N  (8) m
fC H -C H 2^bn
0 = C
c h 2n\ 
(9)
/(CH2)mC 0 2H 
(CH2)mC 0 2H
Fig 1.25 Synthetic scheme fo r im inodiacetate type resin from  bromoacetylpolystyrene.
36
1.1.4.2 Polymers containing macrocyclic structures as anchor groups
The principle that "host" macrocyclics with rigid ligand cavities can complex 
efficiently the guest ions o f  matching ionic diameter, and that the strength o f  the 
corresponding molecular complex can be tailored by adjusting the basicity o f  the 
donor ligands in the macrocycle, have been demonstrated74’75.
Polymeric crown ethers are a recent addition to this fast expanding field. 
Vinylcryptand copolymers (10), with different porosities, cross-linking degrees, 
were prepared by Blasius and coworkers76'79.
(10)
Condensation polymers o f  diazatrioxa-and diazatetraoxa-macrocycles with sebacoyl 
chloride, terephthaloyl chloride, toluene 2,4-diisocyanate and diglycidyldiether o f  
bisphenol (11) were reported by Gramain and coworkers80’82- Condensation o f  
dibenzo-14-crown-4, dibenzo-15-crown-5, dibenzo-21-crown-7, with formaldehyde 
in formic-sulphuric acid mixtures and with corresponding monobenzocrown and 
phenol or crosslinking agents led to polymer ( 1 2 ) 82.
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/  \  
/ O  CX
(12)
1 .1 .4 .3  E D T A  an d  re la te d  p o lym ers
Maeda and co workers83  reported that the condensation o f  EDTA with a diamine (p- 
phenylenediamine) and a triamine (2,4,6-triaminopyridimine) leads to a cross-linked 
polyamide (Figl.26) with pendant EDTA groups. This polymer complexes with several 
alkaline earth and transition metals cations, but it is particularly selective for Cu11.
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NH
c o c h 2 c h 2 c o  / T v JR
° v I\r—CH ,-CH,-N j P  + H2N \( ) < N H 2 + NH2 NH2 -
Triamine
c o - c h /  '  '  c h 2 CO
EDTA dianhydride p-phenylendiamine
- { -C O  — C H ,—  N - C H 2-C H 2-N  — CH2-C O  - N H —R— NH2 1 j
C H ,—COOH CHo-COOH
CO — CH2-N  -C H ,-C H 2-N  - C H 2-C O  — NH-
c h 2- c o o h  c h 2- c o o h
EDTA cross-linked
NH  I
CO I
c h 2 I
N — CHo-COOH  I
c h 2 I
CH,I “
N — C H ,-C O O H
CH2
i o  I
NH
-( -C O —  C H ,—  N — CH2-C H 2-N  —CH2-C O  - N H —R —N H — CO — C H ,-N  — CH2-C H ,-N  —CH2-C O —NH  
C H ,—COOH C H ,—COOH C H ,-C O O H  CH,~COOH
■N H -^
N H -) -
Fig 1,26 EDTA condensation polymer
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Kahovec8 4  also reported the synthesis o f  a cross-linked EDTA ester o f  cellulose 
obtained by the treatment o f  bead cellulose with EDTA bis-anhydride (Figl.27). 
This compound exhibits high capacity (10 meq CuII/g) and rapid kinetics (ti/ 2 =  1 
min) but low stability in alkaline medium.
f'OCH
Cellulose + CT 2\ /C II2CO CH2COOH
X C0CH V h  c r A °  viT >  © — o c o c h 2- n c h c^h2nCOCH2 CH2CO pyridine | *  2 y
CH2COOH
c h 2c o o h/ z
© -O C O C H 2-NCH2CH2N o ^ g )
c h 2c o o h
F ig l.2 7  Cross-linked E D T A  ester o f cellulose
More recently Maeda and coworkers8 5  reported the synthesis o f  a new EDTA 
polymer (Fig. 1.28) which was used as chelating agent forY3+, Ba2+, and Cu2+ and 
for the preparation o f  YBC oxide with good superconducting properties.
COCH
/ 2 \
c h 2c o
ED
n o  N —CH2-CH 2-N x P  + nH2N (CH2)2 NH2
c o c h /  c h 2c o
EDTA dianhydride
70 C, DMF
NH—COCH2-N  — (CH2)2 
h o o c h 2c
Nf —CH2CO—NH— (CH2)2 
c h 2c o o h
n
Fig 1.28 EDTA-ethylenediamine polymer
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Warshawsky and coworkers8 6  have described a general methodology for the 
synthesis o f  EDTA-extended polyamides (Fig. 1.29) which might have a high ability 
to bind a wide range o f  ions , including radioactive tracers.
( a 4 0 0 0 Y k /  N a i o o o v k  ' W o t *
Y=Bzat-Bu
Fig 1.29 Bis-EDTA-Blocked Polyamide
1.1.4.4 Applications of chelating resins
(I). Analytical applications
Fritz8 7  and his group at Iowa State University advanced the use o f  chelating resins 
as separation media for analysis. Their efforts included synthesis o f  several 
chelating resins by modification o f  matrices suitable as solid phase supports in 
chromatography, such as Amberlite XAD-1 and XAD-4. Hexathioglycolate resin, 
HTG-4 (Fig. 1.30), was found to be highly selective for Ag(I), Hg(II), Bi(III) and 
Au(III) in acidic solutions. A  tetracetic acid propylene diamine resin, PDTA-4 
(Fig 1.31) was used for the separation o f  U(VT), Th(IV) and Zr(IV) using various 
acid gradients88.
Improved elution characteristic for metal ions [R h(III), Ir(III) , Pd(II) , Pt(II) and 
Ru(II)), U(VI) , Th(IV) and Zr(IV)] were obtained with N-methyl acetamide resin 
(Fig.1.32)89.
The separation o f  transition metal ions, Ni(II) , Cu(II) , Co(II) , from each other and 
from Ca(II) and Mg(II) on various S-hydroxyquinoline chelating resins and 
commercial chelators, ( e.g. Chelax-100) was reported by Parrish90.
D ow ex-A l was also used in nuclear separations. Americium (2 4 1 Am) was separated 
successfully from curium (2 4 4 Cm) in the presence o f  neptunium (2 3 9Np) and
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plutonium (2 3 9 Pu)91. Davis and coworkers9 2  developed a pyrogallol resin with a 
high affinity for germanium (6 8 Ge) and a low affinity for gallium (6 8 Ga), satisfying 
the requirement o f  a successful (6 8 Ga) generator for medical purposes.
X A D -4
Fig 1.30 Hexathioglycolate resin
X A D -4
c h 2- n ;
C — O - C H
il \o  C H 2-N :
,c h 2c o 2h
c h 2c o 2h
“C H 2C 0 2H
c h 2c o 2h
Fig  1.31 Tetracetic acid propylene diam ine resin
X A D -1
F ig  1.32 N -m ethyl acetamide resin
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(a) E xtraction  o f toxic metals. Extensive efforts, primarily carried out by Egawa and 
coworkers93 in Japan to develop and apply chelating resins for the removal and 
determination o f  metal ions, particularly Hg(II) , U(II) , As(III) , Cu(II) and other ions have 
been made.
(b) E xtraction  o f strategic metals. One o f  the metals which deserves special attention is 
uranium due to its energetic and strategic properties. It is believed that the concentration o f  
the soluble uranium tricarbonate in the sea is 3 f_ig/l, and the total calculated reserves are 5 x 
109 tonnes94. Several Japanese patents have claimed the recovery o f  uranium from sea 
water by using the macrocycle calixarene9 5  attached to a polymer matrix by sulphonate 
groups (Fig. 1.33). In addition, sulphonate and carboxylic acid derivatives o f  calixarenes 
have been incorporated to Merrifield polymers and these materials have been used as 
efficient uranium recovery agents96-98.
(11) Industrial applications
F ig  1.33 Polym eric m aterials containing calixarenes as anchor groups
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The removal and control o f  pollutants from the environment is an area o f  utmost 
importance and one which as environmental concern grows is under continuous 
investigation for improvement. An example o f  the many technologies currently in 
use for pollution control is solvent extraction and since this involves the use o f  
large quantities o f  solvents,some o f  which, pose serious hazards, there is 
considerable interest in the development o f  new materials for use in extraction 
processes as an alternative to solvent extraction technology. The main objective o f  
this work is to investigate the fundamental aspects which are required for the design 
an EDTA derivative to be incorporated into a polymeric resin framework in order to 
produce a new recyclable material for extraction purposes.Therefore, the objectives 
o f  this work are as follows:
(1) To synthesise and characterise a new EDTA derivative containing in its structure 
suitable functional groups which allow the incorporation o f  the ligand into the 
polymeric framework.
(2) To investigate the complexing ability o f  the new derivative towards metal 
cations in different media using various techniques (spectrophotometry, 
potentiometry and calorimetry).
(3) Based on complex stability attempts will be made to isolate the metal-ion 
complexes.
(4) To investigate the ability o f  the ligand to extract metal cations from the aqueous 
phase to the organic phase at different pHs.
(5) To incorporate the new EDTA derivative as anchor group into a polymeric 
network( Merrifield's peptide resin).
(6 ) To investigate the ability o f  this polymeric resin to take up cations from aqueous 
solution.
(7) In an attempt to explore the industrial applications o f  this polymer, the recovery 
o f  the resin will be investigated.
1.2 Purpose of the Present Work
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C H A P T E R  I I  
E X P E R IM E N T A L  P A R T
2. E x p e rim e n ta l P rocedures
2.1  P u rific a tio n  o f solvents
2 .1 .1  P u r if ic a tio n  o f  A n i l in e "
Aniline (Aldrich) was dried over CaH2, and then fractionally distilled under reduced 
pressure (20 mm Hg, b.p 70 °C). The middle fraction o f  the distillate was collected 
over activated 4A molecular sieves. A  colourless liquid was obtained and used 
immediately. The water content o f  the solvent was checked by Karl Fischer titration 
and found to be not higher than 0.034 %.
2 .1 .2  P u r if ic a tio n  o f  1 ,4 -D io x a n e 100
Dioxane (Aldrich reagent, 98% purity) was refluxed over metallic sodium for 6-12 
hours until the surface o f  the metal was not further discoloured. Then, the middle 
fraction o f  the distillate was collected over activated 4A  molecular sieves. The water 
content o f  the solvent was checked and found to be not higher than 0.025%.
2 .1 .3  P u r if ic a tio n  o f  B e n zen e100
Benzene (Aldrich reagent, 98% purity) was refluxed over metallic sodium for 12 
hours. The solvent was protected from moisture by using a guard-tube filled with 
CaCl2  anhydrous. Then, the product was fractionally distilled, and the middle 
fraction o f  the distillate was collected over activated 4A  molecular sieves.
2 .1 .4  P u r if ic a tio n  o f  N ,N -d im e th y lfo rm a m id e 101
Dimethylformamide (Aldrich reagent, 98% purity) was passed slowly through a 
column containing activated 4A  molecular sieves. The column was wrapped with a 
heat belt at 1 0 0  °C. This operation was repeated several times in order to facilitate 
the removal o f  water from the solvent. Then, the solvent was distilled under 
nitrogen at reduced pressure (b.p 38 °C at 0.2 mm Hg). Only the middle fraction o f  
the distillate was collected.The water content o f  the solvent was checked by Karl 
Fischer titration and it was found to be not more than 0.042 %.
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2.2  C hem icals  used
All the metal cations involved in this work are in the form o f  perchlorates purchased 
from Aldrich. These were, Ni(C104 )2 .6H2 0 , Cu(C104 )2 .6H2 0 , Co(C 1 0 4 )2 .6 H2 0 , 
Cd(C104 )2 .6H20 , Hg(C104) 2 .3H20, Pb(C104 ) 2  and Zn(C104)2. The purity o f  these 
salts was checked by EDTA titration techniques which are described below:
2 .2 .1  D e te rm in a tio n  o f  N ic k e l(J I)  b y  com plexo  m e tric  t it ra t io n  w ith  E D T A : 102 
For the determination o f  nickel with EDTA, the indicator was prepared by grinding 
murexide(0.1 g) with potassium nitrate(lO.Og). A  solution o f  ammonium chloride(l 
mol dm'3) was prepared by dissolving o f  the analytical grade solid (26.75 g) in de­
ionised water and making it up to 500 ml in volumetric flask.
Nickel(II) solution (0.01 M, 25 ml) was pipetted into a conical flask and diluted to 
100 ml with de-ionised water. Then, the solid indicator( 50 mg) and the ammonium 
chloride solution (10cm3) were added. These were followed by the dropwise 
addition o f  concentrated ammonia solution until pH ~ 7 at which the solution turned 
yellow. The resulting mixture was titrated with a standard (0.01 M ) EDTA solution 
until the end point was approched. Then, the solution was made strongly alkaline by 
the addition o f  concentrated ammonia solution(10 cm3). The titration was continued 
until the colour changed from yellow to violet.
1 mol EDTA = 1  mol Ni2+
10B2 .2 .2  D e te rm in a tio n  o f  C o p p e r ( I I )  b y  co m p le x o m e tric  t it r a t io n  w ith  E D T A  :
For the quantitative determination o f  copper(II) with EDTA, the indicator solution 
was prepared by dissolving Fast Sulphon Black F(0.5g) in 100 ml o f  de-ionised 
water.
The copper(II) solution (0.01 mol dm-3, 25 ml) was pipetted into a conical flask 
and diluted to 100 ml with de-ionised water.Then, concentrated ammonia solution(5 
ml) and the indicator(5 drops) were added. The resulting solution was titrated with a
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standard EDTA solution (0.01 mol dm-3) until the colour changed from purple to 
dark green.
lm o l EDTA = 1  mol Cu2+
2.2.3 Determination o f CobaIt(U) by complexometric titration with ED TA : 104 
The indicator solution was prepared by dissolving Pyrogallol red(0.05g) in a 50% 
ml o f  a 50% ethanol-water mixture(100 cm3). Equal volumes o f  NH^Cl (lm ol dm3) 
and NH^OH (lm ol dm-3) were mixed to prepare a buffer solution ( pH =10). 
Cobalt(II) solution (0.01 mol dm-3, 10 ml) was pipetted into a conical flask to which 
the de-ionised water (50 ml), the buffer solution (10 ml) and the indicator solution 
(15 drops) were added. The resulting solution was titrated with a standard EDTA 
solution (O.Olmol dm-3) until the colour o f  the solution changed from blue to red 
wine.
1 mol EDTA = lm o l Co2+
2.2.4 Determination o f  Mercin*y(H) by complexometric titration with EDTA : 103 
Mercury forms amino complexes which are sufficiently stable to keep mercury 
from being precipitated at higher pH values. The stability o f  these auxiliary 
complexes, however, is less than that o f  the EDTA complexes so that a substitution 
titration is possible in alkaline medium(NH4 0 H/NH4 Cl buffer, pH 10), in the 
presence o f  a magmesium-EDTA complex. The procedure for the preparation o f  the 
magmesium-EDTA complex and the titration o f  mercury(II) are described as 
follows:
I) Preparation o f magnesium-EDTA complex:
Magnesium(H) sulphate solution (0.1 mol dm*3, 20 ml) was pipetted into a conical 
flask to which de-ionised water (100 ml), buffer solution (5 ml) and the indicator 
Eriochrome Black T (5 mg) were added. The resulting solution was titrated with a 
standard EDTA solution(0.1 mol dm'3) until the colour o f  the solution changed from 
red to blue. So, magnesium(II) sulphate solution (0.1 mol dm’3) was mixed with the 
exact amount o f  EDTA solution (0.1 mol dm*3 ) found in the titration.
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II) Titration o f  mercury(II) perchlorate.
Mercury solution (0.1 mol dm’3, 1.0 mL) was pipetted into a conical flask and 
diluted to 50 ml with de-ionised water. Then, magnesium-EDTA solution(0.1 mol 
dm-3  ,2 .0  ml), buffer solution (4 ml) and the indicator( 5 mg) were added. The 
resulting solution was titrated with an EDTA standard solution (0.1 mol dm-3) until 
the colour changed from red to blue.
1 mol EDTA = 1  mol Hg2+
2.2.5 Determination o f  Lead(II) by complexometric titration with EDTA : 106 
Lead(II) can be determined by direct titration in alkaline medium using 
NH4 OH/NH4 CI as buffer solution (pH =10) and Eriochrome black T in sodium 
chloride(l%) as indicator. Since lead(II) can react with the indicator in alkaline 
medium, therefore tartaric acid was added to avoid lead precipitation.
Procedure:
Lead(II) solution (0.01 mol dm-3, 10 ml) was pipetted into a conical flask and 
diluted to 100 ml with de-ionised water. Tartaric acid(5 mg) was added and the 
solution was swirled thoroughly. To the resulting solution, the buffer(5 ml) and 50 
mg o f  the indicator were added. The solution was titrated with a standard EDTA 
solution (0 . 0 1  mol dm -3  ) until the colour o f  the solution changed from red to blue.
1 mol EDTA = 1  mol Pb2 + .
2.2.6 Determination o f  Cadm ium (II) by complexometric titration with EDTA : 106  
Cadmium(II) can be determined by direct titration in alkaline medium using 
NH4 OH/NH4 CI as buffer solution (pH=10) and Eriochrome black T in sodium 
chloride(l%) as indicator.
Procedure:
Cadmium(II) solution (O.lmol dm-3, 10 mL) was pipetted into a conical flask and 
diluted to 100 ml with de-ionised water. Buffer solution (5 ml) and the indicator(50
mg) were added. The mixture was titrated with a standard EDTA solution (0.01 mol 
dm-3) until the colour o f  the solution changed from red to blue.
1 mol EDTA = 1  mol Cd2+
2.2.7 D e te rm in a tio n  o f  Z in c (H )  by co m p le x o m e tric  titration w ith  EDTA105 
Zinc(II) can be determined by direct titration in alkaline medium using 
NH4 OH/NH4 CI as buffer solution (pH 10) and Eriochrome black T in sodium 
chloride(l%) as indicator.
Procedure:
Zinc(H) solution (0.1 mol dm-3, 3 ml) was pipetted into a conical flask and diluted 
to 200 ml with de-ionised water. Buffer solution (5 ml) and indicator(50 mg) were 
added. The resulting solution was titrated with a standard EDTA solution (0.01 mol 
dm-3) until the colour changed from red to blue.
1 mol EDTA = 1 mol Zn2+
2 .2 .8  S ta n d a rd is a tio n  o f  p e rc h lo r ic  ac id .
Reagents: Glacial acetic acid, acetic acid anhydride,potassium acid phthalate, 
perchloric acid 70% and methyl violet ( all o f  them Aldrich grade) were used. 
Procedure:
The indicator solution was prepared by dissolving methyl violet (O.lg) in glacial 
acetic acid (50 ml). Perchloric acid (0.1 mol dm" 3 , 1.68 ml) was placed into a 
conical flask containing glacial acetic acid (20 ml) and acetic anhydride (5 ml) ,the 
resulting solution was left for 1 hour and then diluted with glacial acetic acid.
To potassium acid phthalate (0.1 g), placed in ct beaker, glacial acetic acid (25 ml) 
was added. The resulting solution was heated gently until the potassium acid 
phthalate was dissolved. The solutions was allowed to cool down and then, the 
indicator (2 drops) was added. The resulting mixture was titrated with HCIO4 
solution (0 .1  mol dm’3) until the colour o f  the solution changed from violet to pale
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blue. The titration indicated that the location o f  the end point was equivalent to 4.89 
ml o f  HCIO4 .
0.1 mole HCIO4  = 1 00  mg potassium phthalate.
2 .2 .9  S ta n d a rd is a tio n  o f  T e tra m e th y l a m m o n iu m  h y d ro x id e :
For the standardisation o f  tetramethyl ammonium hydroxide, a standard solution o f  
HCIO4  (0.1 mol dm'3) in water saturated with ihitan-l-ol was used. The procedure 
is described as follows:
The solution o f  tetramethylammoniumhydioxide was prepared by dissolving 0.1 g 
in 1 0 0  ml o f  butan-l-ol saturated with water.
A  glass electrode model 750 BDH in conjunction with a Hana pH-meter already 
calibrated in butan-l-ol using HCIO4  (0 .1  mol dm-3) was used. 
Tetramethylammoniumhydroxide (25 ml) was pipetted into water-jacketed titration 
vessel (50 ml) with a five -hole cover. Elctrode, burette, and temperature probe 
were fitted into these holes. The vessel was kept at 25.0 ±0.1 °C by using a constant 
-temperature circulating bath. The HCIO4  solution was deliverd from a 10-ml 
automatic burette (reading accuracy ±0.001 ml). The titration was performed three 
times. No slow-equilibrium problems were observed. Nitrogen gas was bubbled 
through the titrate solution on several occasions. No significant differences were 
found i f  this step was neglected. The relevant results (mV and volume o f  HCIO4  
added) were collected and from the first derivative (AE/AV) the end point was 
located accurately. The concentration o f  tetramethylammoniumhydroxide was 
calculated from volume o f  HCIO4  required to neutralise the base.
2 .3  Synthesis o f [N ,N ’-b is(acetic)-N ,N '- bis(acetanilide)]ethylendiainine (eddada).
jN,N'-bis(acetic)-N,N‘- bis(acetanilide)ethylendiamine] was sunthesised using the
Chemicals:
one step procedure shown in Fig. 2.1
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Ethylenediamine tetraacetic acid( Aldrich reagent), Himetkylsulphoxide (Aldrich 
grade 98%), acetic acid (Aldrich, AnalaR) and Aniline (Aldrich reagent) were used. 
Procedure: ^ J t t d e
A  solution o f  EDTA* (2g, 0.0078 mol), aniline (1.453g, 0.0156 mol) and dioxane 
(30 ml) , were placed in a three-necked flask (500 ml) equipped with a mechanical 
stirrer, a refluxing condenser carrying a guard-tube filled with anhydrous calcium 
chloride and a rubber septum. The contents were gently refluxed for ca. 72 hour at 
110 °C by means o f  heating mantle. The reaction mixture which was white at the 
beginning became viscous and turned yellow after 56 hours. A  sample was taken 
through the rubber septum and tested by TLC( Fluorescent thin layer 
chromatography) using dichloromethane : methanol (1:1) mixture as the eluent. A  
spot o f  the new product was formed and seen under the ultraviolet light. (The R f o f  
the new compound was ca. 0.21). Then, the reaction vessel was removed from the 
heating mantle , and allowed to cool down to room temperature. The mixture was 
then filtered under vacuum. The solid residue was washed several times with 
ethanol. The white product was left overnight in a dryer pistol at 100 °C under 
vacuum (20 mm Hg). Finally, the product was recrystallized from dioxane using 
propan-l-ol. It was dried under vacuum at 100 °C for 24 hours.The yield was 45%.
* 1 13This compound was identified by microanalysis, IR and H and C NMR.
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2 .4  S p e c tro p h o to m e tric  m easu rem ents  to  d e te rm in e  th e  s to ic h io m e try  o f  m e ta l 
io n -e d d a d a  com plexes in  b u ta n - l -o l .
Spectrophotometric studies were carried out in order to study the complexing ability 
o f  the eddada towards some metal cations in butan-l-ol, and to determine the 
stiochiometry o f  these complexes. One o f  the most spectacular effects o f  complex 
formation in solution is the change o f  spectral properties. Therefore, the 
composition o f  metallic complexes can be identified through several 
spectrophotometric methods. For this study the continous variation method (Job's 
method107) was used. Thus, a series o f  solutions were prepared by mixing different 
volumes o f  equimolar quantities o f  the two components and diluting to a constant
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volume in order to obtain solutions having identical total molar concentrations but 
different mole fractions.
2 .4 .1  J o b ’ s m ethod  o f  con tinuou s v a r ia t io n  .
Job’ s method o f  continuous variations is a commonly used procedure for
t • • • • 107determining the composition o f  a complex in solution.
This method is carried out in a batch mode by mixing aliquots o f  two equimolar 
stock solutions o f  the metal ion and the ligand. These solutions are prepared in 
manner such that the total analytical concentration o f  metal plus ligand is 
maintained constant while the ligand : metal ratio varies from flask to flask, that is: 
CM + CL = IC
where CM and CL are the analytical concentrations o f  the metal ion and the ligand, 
respectively, and K is constant. The absorbance is plotted as a function o f  the mole 
fraction (X L) o f  ligand.
X L = CL/ (CL + CM) (2 .2 )
The resulting curves, called Job’ s plots indicate the ligand : metal ratio o f  the 
complex in solution. A  maximum corresponding to a mole fraction o f  0.5 suggests a 
complex o f  1:1 composition, while maxima at 0.67 and 0.75 indicate 2:1 and 3:1 
stoichiometries, respectively.
2 .4 .2  E x p e r im e n ta l p ro ce d u re :
All spectrophotometric titrations were carried out on a Philips PU8740 scanning 
spectrophotometer equipped with a constant-temperature circulating bath. A  8  cm 
quartz cell was used for the measurements.
Reagents:
All reagents used Cu(C104)2> Ni(C104)2> Co(C104)2> Cd(C104)2> Hg(C104 ) 2  and 
Pb(C104 ) 2  were previously standardised. Butan-l-ol AnalaR grade (Aldrich) was 
used.
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Equimolar solution o f  these metal salts and the ligand were prepared in butan-1- 
ol(pH and ionic strength maintained constant, pH~7, I = 0.01 using LiClC^). 
Solutions o f  constant volumes but different mole fractions and blank solutions 
containing the ligand at the same concentration were prepared. Readings at the 
wavelength o f  maximum absorbance were taken.
2.5 Synthesis of metal ion complexes
2 .5 .1  [N ,N ’-b is (a c e tic )-N ,N ’-b is (a c e ta iiiIid e )]e th y le n e d ia in m e  N i ( I I )  p e rch lo ra te .
A  mixture o f  ligand, L (0.3g) and Ni(C 1 0 4 ) 2  6 H2 O (0.247g) (in slight excess) were 
placed in a 50 ml round-bottomed flask. Ethanol (30 ml) was added under 
continuous stirring. The reaction was carried out at room temperature. A  blue-pale 
product was formed. This product was filtered under vacuum and transfe^ed to a 
flask containing NaClC>4 (0.2g). Ethanol (30 ml) was added. The mixture was 
refluxed for 1 hour and immediately filtered under vacuum. This solution was left 
for several days, then a pale-blue compound was isolated, ( 52% yield).
This complex was identified by microanalysis and IR.
2 .5 .2  [N ,N ,-bis(acetic)-N ,N '-bis(acetanalide)]ethylenediam ine P b ( I I)  perchlorate.
To a solution o f  Pb(C104)2 .6H20 (0.313g) in 50 ml o f  water, the ligand (0.39 g) 
was added. The resulting solution was warmed almost to the boiling point. Absolute 
ethanol was added until a slight turbidity appeared , then the solution was cooled in 
an ice-bath . The resulting crystalline material was filtered and recrystallized from a 
water-ethanol mixture. The solution was left for several weeks and finally a white 
product was isolated. This compound was dried at 70 °C under reduced pressure in a 
desiccator over CaCl2 for 24 hours (45% yield).
This complex was identified by microanalysis and IR.
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2 .5 .3  [N ,N ,-b is (a c e tic )-N ,N ,“b is (a c e ta n ilid e )]e th y le n e d ia m iiie C u (n ) p e rc h lo ra te .
A  mixture o f  eddada (0.3g) and Cu(C1 0 4 )2 .6 H2 0  (0.25lg ) in slight excess were
placed in a 50 ml round-bottomed flask and water (30 ml) was added under
continuous stirring. The reaction was carried out at room temperature. A  green
t
product was formed. This product was filtered under vacuum and transfered to a 
flask containing NaClC>4 (0.2g). Ethanol (30 ml) was added . The insoluble product 
was refluxed until completely dissolved. The solution was refluxed for 1 hour and 
then, it was immediatly filtered under vacuum. The solution was left for several 
days. A  blue-green precipitate was isolated, and dried at room tempetrature in a 
dissiccator over CaCl2  for 48 hours (yield; 53%).
This complex was identified by microanalysis and IR .
2 .5 .4  [N ,N '-b is(acetic)-N ,N '-b is(acetanilide)]ethylenediam ineCo(II) perchlorate.
An excess o f  Co(C 1 0 4 )2 .6 H2 0  (0.248g) was added to a suspension o f  eddada (0.3g) 
in 30 ml o f  water under continuous stirring . A  pink compound was formed. This 
compound was filtered under vacuum and transfered to a round-bottomed flask 
containing NaC1 0 4  (0 .2 g). This was followed by the addition o f  ethanol (30 ml). 
The mixture was refluxed for 1 hour until complete dissolution. Then, the hot 
solution was filtered under vacuum. The solution was left for several days after 
which a pink precipitate was formed. This compound was dried at room temperature 
in a dissiccator over CaCl2  (47% yield).
This complex was identified by microanalysis and IR .
2 .5 .5  [N ,N '-b is(acetic)-N ,N '-bis(acetanilide)]ethylenediam ine C d ( I I)  perchlorate.
A  mixture o f  eddada (0.3g) and Cd(C104 ) 2  6 H2 O (0.268g) in slight excess were 
placed in a round-bottomed flask (50 ml) and water (30 ml) was added under 
continuous stirring. The mixture was refluxed for 1 hour until the product was 
completely dissolved. The hot solution was then filtered under vacuum. The solution
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was left for several days after which a white a precipitate was formed. This 
compound was dried at 70 °C under reduced pressure in a desiccator over CaCl2  for 
24 hours (43% yield).
This complex was identified by microanalysis and IR.
2 .5 .6  [N ,N '-b is(acetic)-N ,N '-bis(acetanilide)]ethylenediam ine H g ( I I )  perchlorate.
A  mixture o f  eddada (0.3g) and Hg(C104 ) 2  6 H2 O (0.347g) in slight excess were 
placed in a round-bottomed flask (50 ml) and ethanol (30 ml) was added under 
continuous stirring, Then, the mixture was refluxed for 1 hour and immediately 
filtered under vacuum. This solution was left for several days,afterwhich a white 
compound was isolated (52% yield).
This complex was identified by microanalysis and IR
2 . 6  Q u a n tita t iv e  d e te rm in a tio n  o f M etaS C a tio n s  By A to m ic  A b s o rp tio n  
S p e c tro m e try
2 .6 .1  G e n e ra l p rocedures  fo r  th e  c a lib ra tio n  cu rve
A  calibration curve for use in atomic absorption was plotted by aspirating into the 
flame, samples o f  solutions containing known concentration o f  the metal ions to be 
determined, measuring the absorption o f  each sample, and then constructing a graph 
in which the measured absorption was plotted against the concentration o f  metal 
ions in the solution. Readings were taken after the instrument has ben set to zero by 
adjusting against a 'blank' which was distilled water.
2.6.2 Standard atom ic absorption conditions fo r cobalt
Stock standard so lu tion : Aldrich reagent (1000 pg/ml) was prepared by dissolving 
o f  cobalt metal ( 1 .0  g) in a minimum volume o f  HC1. It was then diluted to 1 liter 
with HC1 (1%  v/v).
Instrum ental parameters 
Wavelength : 240.7 nm
Slit setting : 0.2 nm
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Flame type : Air-acetylene
For the standard conditions described above a linear relationship was obtained in the 
range o f  2 to 5 ppm cobalt(H).
2.6.3 Standard atomic absorption conditions fo r copper
Stock standard so lu tion : Aldrich reagent (1000 pg/ml) was prepared by dissolving 
copper metal (l.Og) in a minimum volume o f  HNO3 . It was then diluted to 1 liter 
with HNO3 (1%  v/v).
Instrumental parameters
Wavelength : 324.8 nm
Slit setting : 0.7 nm
Light source : Hollow cathode lamp
Flame type : Air-acetylene
For the standard conditions described above a linear relationship was obtained in the 
concentration range from 1 to 3.5 ppm o f  copper(II).
2.6.4 S tandard atomic absorption conditions fo r nickel.
Stock standard so lu tion: Aldrich reagent (1000 pg/ml) was prepared by dissolving 
nickel metal (l.Og) in a minimum volume o f  HNO3 . It was then diluted to 1 liter 
with 1% HNO3 (1%  v/v).
Instrumental parameters 
Wavelength : 232.0 nm
Slit setting : 0.2 nm
Light source : Hollow cathode lamp
Flame type : Air-acetylene flame
For the standard conditions described above a linear relationship was obtained for 
the concentration range from 2 to 4.5 ppm o f  nickel(II).
Light source : Hollow cathode lamp
2.6.5 Standard atomic absorption conditions for lead.
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Stock standard so lu tion: Aldrich reagent (1000 jug/ml) was prepared by dissolving 
Pb(N0 3 ) 2  (1.598g) in H N 03 (1%  v/v). It was then diluted to 1 liter with H N 0 3 
( 1 %  v/v)-
Instrumental parameters 
Wavelength : 283.3 nm
Slit setting : 0.7 nm
Light source : Hollow cathode lamp
Flame type : Air-acetylene flame
For the standard conditions described above a linear relationship was obtained in the 
concentration range from 5 to 18.5 ppm o f  lead.
2.6.6 Standard atomic absorption conditions fo r gold.
Stock standard so lu tion: Aldrich reagent (1000 pg/ml) was prepared by dissolving 
gold metal (0. lOg) in a minimum volume o f  5 ml HC1. It was then diluted to 100 ml 
with deionised water.
Instrumental parameters 
Wavelength : 242.8 nm
Slit setting : 0.7 nm
Light source : Hollow cathode lamp
Flame type : Air-acetylene flame
For the standard conditions described above a linear relationship was obtained in the 
concentration range from 2.5 to 10.0 ppm o f  gold.
2.6.7 S tandard atom ic absorption conditions fo r cadmium .
Stock standard so lu tion: Aldrich reagent (1000 fag/ml) was prepared by dissolving 
cadmium metal (1.0 g) in a minimum volume o f  HC1. It was then diluted to 1 liter 
with HC1 (l% v/v).
Instrumental parameters 
Wavelength : 228.8 nm
Slit setting : 0.7 nm
Light source : Hollow cathode lamp
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Flame type : Air-acetylene flame
For the standard conditions described above a linear relationship was obtained in the 
concentration range from 0.3 to 2.0 ppm o f  cadmium.
2.6.8 Standard atomic absorption conditions fo r sodium m ercury.
Stock standard so lu tion: Aldrich reagent (1000 pg/ml) was prepared by dissolving 
mercury(II) oxide(1.08g) in a minimum volume o f  (1:1) HC1, It was then diluted to 
1 liter with deionised water.
Instrumental parameters 
Wavelength : 253.7 nm
Slit setting : 0.7 nm
Light source : Hollow cathode lamp
Flame type : Air-acetylene flame
For the standard conditions described above a linear relationship was obtained in the 
concentration range from 2 0  to 2 0 0  ppm o f  mercury.
2.6.9 Standard atomic absorption conditions fo r sodium.
Stock standard, so lu tion: Aldrich reagent (1000 (.ig/ml) was prepared by dissolving 
sodium chloride (2.542g) in 1 liter o f  deionised water.
Instrumental parameters
Wavelength : 589.6 nm
Slit setting : 1.4 nm
Light source : Hollow cathode lamp
Flame type : Air-acetylene flame
For the standard conditions described above a linear relationship was obtained in the 
concentration range from 0 .1  to 1 .0  ppm o f  sodium.
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The extraction ability o f  [N,N'-bis(acetic)-N,N'-bis(acetanalide)]ethylenediamine 
for metal cations ( Hg2+ , Cd2+ , Pb2 + , Co2+ , Cu2+ , Ni2+) in the water-butan-l-ol 
solvent system was investigated under the following conditions:
Both solvents were mutually presaturated overnight at 298.15 K  in order to 
minimise the volume changes taking place during the extraction process.
All the experiments were carried out at a constant ionic strength in the aqueous 
phase ( I =0.1 mol dm-3, NaC104).
Blank experiments were carried out by equilibrating an accurate volume o f  the 
organic phase with an equal .. volume o f  aqueous phase containing the relevant 
metal cations ( the presence o f  cations in the organic phase were not detected), blank 
experiments were earned out in all cases.
2 .7 .1  E x tra c t io n  o f  m e ta l cations b y  ed d ad a  f ro m  aqueous solutions a t  
d iffe re n t  p H ’ s.
Reagents:
[N,N'-bis(acetic)-N,N'-bis(acetanilide)]ethylenediamine in water saturated butan-1- 
ol ,standard perchloric acid solution (Aldrich), perchlorates o f  different cations 
(Aldrich) ( Hg2+ , Cd2+ , Pb2+ , Co2+ , Cu2+ , Ni2+ ) in water saturated butan-l-ol 
at different pHs and constant ionic strength (NaC104 ,0.1 mol dm"3) were used. 
Procedure:
An accurate volume (10 ml) o f  aqueous solution (1= O.lmol dm' ) containing the 
relevant cation at different pHs and the organic solution containing the ligand (10 
ml) were placed in glass-stoppered extraction tubes (40 ml capacity). The tubes 
were left under mechanical shaking for an hour and then these were left overnight in 
a thermostatic bath at 298.15 K  until equilibrium was reached. The two phases were 
separated and the metal ion concentration in the aqueous phase was determined by 
atomic absorption spectrophotometry.
2.7 Extraction experiments
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2 .7 .2  E x tra c t io n  o f  m e ta l cations f ro m  a n  aqueous so lution  b y  e d d a d a ( d iffe re n t  
con cen tra tio n s ).
Solutions containing different concentrations o f  eddada in the organic phase were 
prepared. Accurate volumes ( 1 0  ml) o f  the aqueous phase containing the reler.wuit 
metal cations were mixed with equal volumes o f  the organic phase containing the 
eddada. The tubes were left under mechanical shaking for an hour and then these 
were placed in a thermostatic bath overnight at 298.15 K. The two phases were 
separated and the metal ion concentration in the aqueous phase was determined by 
atomic-absorption spectrophotometry.
2 .7 .3  A n a ly tic a l d e te rm in a tio n  o f  m e ta l cations
The equilibrium concentration o f  metal cations in the aqueous phase were 
determined by atomic absorption spectrometry using the previous standard 
conditions.
The distribution (D) o f  metal cations between the aqueous and the organic phase 
was determined by the following equation:
C -  C Cn  _  f t ______  m _  org
C ~ Ca q  a q
Where C;- ,Caq and Corg are the initial and equilibrium concentrations o f  metal ion in 
the aqueous and the organic phase; respectively.
2 .7 .4  T re a tm e n t o f  e x tra c tio n  d a ta
I f a salt IVrFA- and a complexing ligand L are allowed to distribute between an 
aqueous and an organic phase, several equilibria will be observed. By assuming that 
a negligible amount o f  ion-pair (M +L A “) is formed in the aqueous phase, and the 
complexed cations (M +L), does not dissociate in the organic phase,the following
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processes can be considered, to obtain the extraction constant, Ke for the following 
processes:
L
k
+
ML + A 
k
° L aqueous phase 
organic phase
o +  Kd MLA 
o
D-
SlL+ A 
o  o
Let 'a' be the activity, subscript 'o' denoting species in the organic phase, is the 
mean activity coefficient o f  the ionic species MFLq and A 0“. Assuming that the 
activity coefficient o f  all neutral species is unity and the mean activity coefficients 
o f  species M +, A “ and M +L in the aqueous phase are also unity, several equilibria 
may be defined:
D l  = a L o /a L = [L]0 / [L ]  (2.3)
K c = aM+L /a M+ a L = [M + X ]/[M + ][L ] (2.4)
Dc = (aM+Lo a‘A o)1 (aM+L a'A)
Dc = {[M +L]0 [A - ] 0  y2±o} /  {[M +L ][A -]) (2.5)
K d  = (aM+L0 a-A0) I  aML+Ao
Kd  =  {[M +L]o [A -]oT 2±0 } / [M L A ]o  (2.6)
Kex =  aMLAo ! aM+ aL0  a-A
K ex =  [M LA]0 /  {[M 4 ][L ]0 [A -]) (2.7)
where DL is the distribution ratio o f  the ligand, Dc is the distribution ratio o f  the 
complex and K ex denotes the extraction constant.
From these equations, a single equation which relate* to the observed distribution 
ratio, D obs can be derived,
D °bs = {[A - ] 0  +  [M LA]0 } / [ A - ]  (2 .8 )
Then, by considering equations (2.7) ,(2.4) and (2.3), equation (2.8) may be 
rearranged to give:
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D°»s = [A -]0 / [A - ]  + Ke x DL[M +L]/IC c (2.9)
Since the extraction studies described in this work were carried out by using atomic 
absorption spectrometry and the precise forms o f  the analyte species in the aqueous 
and organic phases are not known with any degree o f  certainty, the term distribution 
ratio (D) is more useful than the partition coefficient
Tota l analyte concentration in  the organic phase
Tota l analyte concentration in  the aqueous phase
2 . 8  Determination o f  the dissociation constants o f  [N?N'-bis(acetic)-N,N ’- 
bis(acetaiiilide)]et!iylenediamine.
In order to determine the dissociation constants o f  pSf,N'-bis(acetic)-N,N'- 
bis(acetanalide)]ethylenediamine in water, the potentiometric technique was used. 
This method is based on the measurement o f  the pH o f  a solution as a function o f  
the added volume o f  the titrant.
2.8.1 Experimental procedure
In this technique, solutions o f  hydrochloric acid (0.1 mol dm'3) and [N ,N - 
bis(acetic)-N,N-bis(acetanilide)ethylendiamine] (2.422xl0-3 mol dm'3, 7= 0.1 using 
N aC lO f) were prepared in the required solvent ( water). Then, a solution o f  NaOH
*3
( 2  ml; 0 .1  mol dm' ) was added to solubilise the ligand. Before starting the 
measurements, the glass electrode model 750BDH (in conjunction with Hana pH 
meter) was calibrated to check its response, particularly the linearity o f  the Nemst 
equation and its slope (Figs. 2.13 and 2.14).
The ligand solution (20 ml) was pipetted into a water jacketed titration vessel ( 50 
ml) capacity together with a five-hole cover. Electrode, burette, and temperature 
probe were fitted into these holes. The vessel was always kept at 25.0+0.1 °C by 
using a constant -temperature circulating bath. HC1 solution was delivered from a 
1 0 -ml automatic burette with a reading accuracy ± 0 . 0 0 1  ml. All titrations were
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performed three times without any slow-equilibrium problem. Nitrogen gas was 
bubbled through the titrate solution on several occasions, and no significant 
differences were found if  the step was neglected. The relevant results (pH and HC1 
added) were collected and from the pH and the volume o f  titrant added, the pK 
values were calculated by using a PKDI10 8  computer program. Full details o f  the 
mathematical model and the programe used v cere shown in the appendix-1 .
Fig  2.13 C a lib ra tion  curve o f the glass electrode in w ater at 298.15 K
Log[H]
y  — a + bx
<3 = 406.02 , £ = 59.14/wr , r  = 0.9999
2 .9  P o te n tio m e tric  d e te rm in a tio n  o f  s ta b ility  constants o f  [N ,N '-b is (a c e tic )-  
N ,N ,-b is (a c e ta n ilid e )]e th y le n d ia m in e  a n d  m e ta l cations in  w a te r  a t  2 9 8 .1 5  K .
The majority o f  complexing ligands used in analytical chemistry are moderately 
strong bases and become protonated in the pH range mostly applied in practice. 
Therefore, methods based on pH measurement are very often applicable to the 
determination o f  stability constants. The basis o f  the method is that, during
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complex formation between the metal ion and the protonated ligand, protons are 
liberated. By measuring the hydrogen-ion activity, the degree o f  complex formation 
or the equilibrium position can be established.
Procedures:
Two 50 ml solutions were prepared. Solution I contained eddada ( 1 0  ml, 2.5xl0 ' 3 
mol dm'3 ) plus NaOH (1 ml, 0.1 mol dm'3) to allow its dissolution in water. Then, 
NaOH (17 ml, 0.1 mol dm ' 3 )  and NaC104 (16 ml, 0.1 mol dm"3 ) were added to 
keep the ionic strength constant plus 6  ml o f  de-ionised water. Solution II contained 
eddada ( 10 ml, 2.5x1 O' 3 mol dm ' 3 ), HC1 (17 ml), NaC104 (16 ml), the appropriate 
metal cations salts (2 ml,3.5x1 O' 3 mol dm'3) and de-ionised water ( 4 ml).
Both solutions were titrated with HC1 (0.1 mol dm' 3 ). The data for solution I were 
used to derive the protonation constants o f  eddada. The data from solution II were 
used to calculate the stability constants by using a MINIQUAD computer
1 0 9program.
2.10 Thermodynamic studies
In order to investigate the thermodynamic parameters o f  complextion o f  eddada 
with the metal cations ( Co2+ , Cu2+, Ni2+, Cd2+, Hg2+ and Pb2+), a titration 
calorime? model LKB 8700 was used. This technique is based on the titration o f  
reactant volume with another reactant. A  brief description o f  the equipment is given 
below, however comprehensive explanation about this equipment can be found in 
the literature. 110,111
2 .10 .1  T h e  t it ra t io n  c a lo r im e te r .
The LKB 8700-1 precision calorimetric system is a commercial version o f  the 
constant temperature environment non-isothermal calorimeter. It enables a very 
precise comparison to be made between an electrical experiment (calibration run) 
and an actual experiment (reaction run), in which a well defined process takes piece. 
The temperature is measured as a function o f  time, and conditions are chosen so as
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to give as much as possible identical temperature changes in both, the reaction and 
the calibration experiment.
This type o f  calorimeter can be divided into three main parts:
1} The calorimeter
The calorimeter consists o f  a 50 cm3 reaction vessel, made o f  thin pyrex glass and 
fitted with a calibration heater, thermistor, stirrer, a sapphire-tipped pad for ampoule 
breaking, and an outer metal container made o f  stainless steel and maintained at a 
constant temperature in a thermostated bath.
The thermistor can be used in the temperature range o f  278-310 K  ( lower range 
limit set by the Wheatstone bridge). It has a resistance value o f  2000 ohms ±  5% at 
298.15 K. The heater resistance, Rj, is 50 ohms +0.5%.
The stirrer made o f  18 carat gold and plated with pure gold which holds glass 
ampoules (1 ml), is fixed to a stirrer running at a speed o f  500 rpm.
II) The thermostatic bath
The thermostatic bath has a capacity o f  18 litres and it is well insulated . A  magnetic 
stirrer is mounted on the bottom to ensure adequate circulation o f  water around the 
centrally located calorimeter. Good temperature stability is achieved by using a 
proportional electronic thermostat. This thermostat is controlled by the the 
thermistor probe, a 70 ohms heater and an auxiliary cooling system. This system 
gives a temperature o f  1-3 K  below the set point. Under these conditions, the bath 
temperature can be maintained at 298.15 ±0.001 K over a 48 hours period.
III) The electronic assembly
The electronic assembly consists mainly o f  the Wheatstone bridge with a range o f  
0.6 KO. The thermistor inside the calorimeter vessel forms one o f  the arms o f  the 
bridge. Thus, the temperature change is monitored in terms o f  the thermistor 
resistance. The out-of-balance voltage is measured on an electronic galvanometer 
which may be connected to a chart recorder.
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2.10.2 Experimental Procedure
A  solution o f  [N,N'-bis(acetic)-N,N- bis(acetanilide)ethylendiamine] ( 50 ml) in 
DMF at a concentration 6.2 x  10” 3 mol dm ' 3 was placed into the reaction vessel o f  
the calorimeter. The burette was loaded with a solution o f  the metal-ion perchlorate 
solution at the appropriate concentration. The whole assembly ( vessel and burette) 
was then immersed into the calorimetric bath and left for several minutes until 
thermal equilibrium was reached. The titrant was added and the temperature change 
was monitored on the chart strip recorder. An electrical calibration was carried out 
after each addition and the temperature o f  the vessel was readjusted to its initial 
value. The metal-ion salt was added until no further heat was observed in the 
reaction.
2.10.3 Calculation o f the enthalpy and the equ ilib rium  constant
The interpretation o f  the titration data consists o f  the determination o f  AH and log 
Ks values for the complexation process being studied. For each o f  the data points, 
the measured heat (Qp) is related to the enthalpy o f  complexation and to the number 
o f  moles (np) o f  the complex formed from the start o f  the titration.
For thermodynamic studies o f  complexation; the following chemical reaction for a 
1 :1  complex is considered.
Mn+ + L <=> MLn+ (2.38)
where, Mn+ ,L and MLn+ denote the metal cation, the ligand and the metal-ion 
complex; respectively.
The thermodynamic equilibrium constants for the above process can be expressed as 
follows,
js  _  a ML'» _  IT m u - 2 3 9
5 [M "+][A] y M„+ Y L
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In the present work, for the sake o f  the calculation, the ligand is assumed neutral 
and yL is equal to unity. The assumption is that yMn+ and YMLn+ have identical values. 
Therefore, the equilibrium constant is given by:
Where [MLn+], [Mn+] and [L] are the equilibrium molar concentrations o f  the 
metal-ion complex, the metal cation and the ligand; respectively.
The concentration o f  the various species in the reaction vessel are given by :
M t = [M ,1+] + [MLn+] (2.41)
Lt = [L] +  [MLn+] (2.42)
where M t and Lt represent the total molar concentration o f  the metal cation and the
ligand respectively.Hence, eqn 2.40 can be written as:
= [A a n
’  [ M t - [ M L " * ] ] [ £ , - [JWL',+ ]]
Rearrangement o f  eqn 2.43, lead to
[MLn + ] 2 - (Mt +  Lt + l/ICs)[M Ln+] + M tLt = 0 (2.44)
the solution o f  which is given by:
+ (M t + L t +  l / K s) -  J ( l l K s + M t + L t ) 2 - 4 ( M t L t )
[ M L  ] = —     — T2      — — (2.45)
For a 1:1 reaction, the heat obsei-ved is related to tlie number o f  moles o f  complex 
formed (when a volume V  is added) by the following expression,
Qp =  AH[ML“+]V  (2.46)
where Qp is the heat released or obsorbed during the complexation processes 
for i reactions, Qp = E  (AHj x  nj p) (2.47)
np can be derived from the equilibrium constant (Ks) for the reaction. In this case, 
Ks was not known. Therefore, the calculation was done by using an iterative 
procedure which was followed until a K s value was found which yielded the same 
AH value at each data point throughout the titration experiment. A  computer 
program developed at the Thermochemistry Laboratory, Surrey University written 
in Qbasic language (Appendix-2) for the calculation o f  log K s and AH was used. In 
this program, the following steps were considered,
I) For a given log K s value, the concentration o f  the different species in the reaction 
vessel were calculated.
II) The corresponding AH values for the chosen Ks for each data point were then 
obtained..
III) The error square c  sum for the average o f  the AH values was evaluated.
= Zp [Qp -Ei(AHi x ni p ) ] 2  (2.48)
2.11 New polymeric m aterial containing the eddada as anchor group.
In recent years there has been considerable interest in the development o f  new 
materials (polymeric resins) for use in extraction processes as an alternative for 
solvent extraction techniques.Therefore, the following section discusses the attempts 
made to incorporate eddada to a polymeric network (Merrifield’ s peptide resin).
2 .11 .1  In s e rtio n  o f  [N ,N ’-b is (a c e tic )-N ,N '-b is (a c e ta n iIid e )]e th y le n e d ia m in e  in to  
1 %  cross-linked  M e r r i f ie ld ’ s p e p tid e  res in .
Chemicals:
[N,N'-bis(acetic)-N,N'-bis(acetanilide)]ethylenediamine from previous synthesis, 
benzene(BDH, AnalaR), sodium hydroxide( Aldrich grade), tetrabutylammonium
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hydrogen sulphate (Lancaster) and cross-linked chloromethylated polystyrene (1 
meq Cl‘/ g , Aldrich grade) were used.
Procedure:
A  mixture o f  [N,N'-bis(acetic)-N,N'-bis(acetanilide)]ethylenediamine (1.0 g, 0.0025
3 3mol dm' ), tetrabutylammonium hydrogen sulphate (0.7907g, 0.0023 mol dm' ), 
powdered sodium hydroxide ( 1.0 g, 0.0249 mol dm'3), 1% cross-linked 
chloromethylated polystyrene (4.5g) and benzene (200 ml) , were placed in a three­
necked flask (500 ml) equipped with a mechanical stirrer, a refluxing condenser 
(carrying guard-tube filled with anhydrous calcium chloride and a rubber septum). 
The contents were gently refluxed for six days at 80°C under continuous stirring. 
The mixture was left to cool down and filtered under vacuo. The solid compound 
was thoroughly washed with water, then with N,N*dimethylformamide, dioxane and 
finally with ethanol. A  pale-yellow product was obtained. This product was dried 
under vacuo at 80°C for 72 hours.
The yield was 75%.
Microanalysis and IR were carried out to identify the compound
2 .1 1 .2  E x tra c t io n  o f  m e ta l ions b y  th e  new  p o ly m e ric  m a te r ia l
The ability o f  this polymer to take up cations ( Cd2+, Pb2+, Hg2+ and Au3+) from 
aqueous solution at 298.15 IC was investigated.
Procedure:
Aqueous solutions containing different concentrations o f  the metal cation (Cd2+, 
Pb2+, Hg2+ and Au3+) perchlorate were prepared. Accurate volumes (10 ml) were 
left in contact with the resin (0.0505 g) in glass-stoppered extraction tubes (40 ml). 
The tubes were left under mechanical shaking for an hour and then placed in a 
thermostatic bath overnight at 298.15 K  until equilibrium was reached. Aliquots 
were taken and the initial and equilibrium concentrations o f  the metal-ion were 
determined by atomic-absorption spectrophotometry . Since the proposed structure 
o f  the polymer was in the form o f  a cation exchange resin (in the sodium form) the
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amount o f  sodium released during the process was also measured by the same 
technique.
2 .1 1 .3  Io n  exchange c a p ac ity
In an ion exchange process the capacity o f  the material to exchange ions is the most 
important property, since it provides information regarding the number o f  ions 
taken up per quantity o f  exchanger.
2 .1 1 .4  D e te rm in a tio n  o f  th e  io n  exchange cap ac ity  o f  th e  new  p o ly m e r.
The resin was converted into hydrogen form by washing it with HC1 (2 . 0  mol dm’3)
several times, and finally with deionised water till no sodium was detected in the
water. The air-dried resin (0.3 g) was placed on a column and sufficient deionised
water was added to cover the resin. A  solution o f  NaC104 (0.2 mol dm'3) was passed
through the resin at a rate o f  2  ml per minute until the concentration o f  hydrogen
ions in the effluent was negligible. The effluent was titrated with NaOH(0.1 mol
dm’3) using phenolphthalein as the indicator. The ion-exchange capacity o f  the resin
in millimoles per gram was calculated from : 
a V
Ct = , where a  , V  and W  denote molarity o f  NaOH solution, volume o f
titrant and weight o f  resin; respectively.
2 .1 1 .5  D e te rm in a tio n  o f  th e  e ffe c tive  c a p ac ity  o f  th e  resin .
To determine the effective capacity o f  this resin, aqueous solution o f  these metal 
cations were prepared at different concentrations . Accurate volumes (10 ml) o f  each 
o f  these solutions were left in contact with the resin (0.3 g) until equilibrium was 
reached. Aliquots o f  the initial and equilibrium solutions were analysed by atomic 
absorption spectrometry in order to determine the metal-ion concentration.
71
The optimum quantity o f  the metal ion taken up by the resin ( mmol Mn+/  g resin) 
was calculated from the differences in metal-ion concentrations in the solution 
before and after the extraction.
2 .1 1 .6  R eco very  o f  th e  res in
In order to recover the resin, the processed resin (0.5 g) was placed in a glass-wool 
plug column (15 cm x  1 cm ) washed twice with HC1 ( 50 ml, 2  mol dm"3) and then 
with deionised water until the effluent was neutral and salt-free. The ion exchange 
capacity was measured.
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C H A P T E R  I I I  
R E S U L T S  A N D  D IS C U S S IO N
3.1  Synthesis o f  [N ?N ’“b is (ace tic )“N ?N ,-b is (a c e ta iiilid e )]e th y ie n e d ia m in e  (e d d a d )
3 .1 .1  Discussion
It is well established that112' 114 the reaction between a carboxylic acid anhydride(l)
and a primary or secondary amine(2) leads to the formation o f  an amide(3) and a 
carboxylic acid(4) in the presence o f  an acid as catalyst.
The reaction rate is dependent on the nature o f  the substituent groups o f  the 
anhydride (R t and R2) and the amine (R3 and R 4 ) .  Thus, an increase in the electron- 
attracting power o f  the R-substituent in the anhydride will increase the reaction rate 
by enhancing the electrophilic character o f  the carbonyl carbon atom and by 
stabilising the leaving group. Hence, anhydrides containing strongly electronegative 
substituents are highly effective acylating agent. Conversely, an increase in the 
electron-attracting character o f  the substituent groups (R3 and R 4 )  in the amine, 
lowers its nucleophilicity and as a result, the rate o f  acylation decreases. For 
example, p-methoxyaniline reacts some fifty times more rapidly than m-
115 4chloroaniline with benzoic anhydride in dioxane . Very weakly basic amines, such 
as the nitroanilines and diarylamines react very slowly with most anhydrides. 
Therefore, special conditions are needed for the efficient preparation o f  their acyl 
derivatives. Acylation with anhydrides appears to be catalysed by acids116 Taking 
into account this previous knowledge, an EDTA derivative ([N,N'-bis(acetic)-N,N'- 
bis(acetanilide)]ethylenediamine) was synthesized (as described in the experimental 
section) from EDTA anhydride(a) and aniline(b) in dioxane using acetic acid as 
catalyst according to the following process,
O
\
O
o  + NH
R4
OH
O
(1) (2) (3) (4)
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CH3COOH 
HOOCHjC
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ch2c o o h
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HNOCH2C ch2c o n h
[N ,N '--b is (a c e tic )-N ,N f“b is (a c e ta iiiIid e )]e th y le n e d ia m in e  (e d d a d a )
The isolated compound (Fig 3.1) was recrystallised from dioxane using propan-l-ol, 
with a 45% yield. Micoanalysis data carried out at the University o f  Surrey showed 
good agreement between found and calculated percentages ( found: C, 59.31; H, 
5.73; N, 12.61. C22H26N40 6 required C, 59.70; H, 5.92; N, 12.57 ).
a  1 2 3
j k HOOCH2C +  ^CHjCOOH ^ 6
" N '■ 6iO J + H N O O I .C  ch2c o n h
  e d 8
l l  g
F ig . 3 .1  ( [N ,N ,-b is (a c e tic )-N ,N ,-b is (a c e ta n iIid e )]e th y le n e d ia m in e
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The compound was characterised by *H (Table 3.1, Fig. 3.2),13C (Table 3.2,Fig. 
3.3) NMR and IR (Fig. 3.4). For NM R characterisation, DMSO was used as the 
solvent. The data shown in these tables are in good agreement with the proposed 
structure.
Table 3,1 XH NMR chemical shifts(8 ) in ppm for the protons of [N,Nt-bss(acetic)-N,N'- 
bis(acetanilide)]ethylenediamine in DMSO at 298 K
Protons in the molecule 8 (ppm) Number of protons
H(§) 3.48 4
H(2) 3.45 4
H(3) 12.31 2
H(4) 7.62 4
H(5) 7.27 4
H (6 ) 7.03 2
H(7) 10.03 2
HCt) 2.84 4
1H NMR chemical shifts o f  [N,N'-bis(acetic)-N,N'-bis(acetanilide)]ethylenediamine 
in DMSO as solvent (table 3.1) show the expected signals for this compound. These
1 117were assigned using H NM R data o f  EDTA reported in the literature . The 
aromatic proton chemical shifts were assigned on the basis o f  NM R data for 
acetanilide. The proton o f  the amide group (H7 ) shows a sharp signal at /<?-03 ppm. 
The NM R o f  the EDTA derivative reflects the presence o f  the following 
equilibria;
\  TN - C H 2-C O O H  -  N - C H 2-C O O
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This statement is confirmed by the two different chemical shifts observed for the 
hydroxyl protons ( 8  =  12.31 ppm) and the NH ( 8  =3.5 ppm exchangeable with the 
water protons o f  the solvent) which is predominant in solution.
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Fig. 3.2 JH NMR spectrum of [N,N’-bis(acetic)*-N,Nl-bis(acetanilide)]ethylenediamine 
in DMSO at 298 K
The 13C NMR chemical shifts o f  this ligand ( table 3.2, Fig.3.3 ) shows the expected
number o f  carbons. The assignment o f  the aromatic carbons was based on the
■ •118 . . reported values for acetanilide . The distinction between C(c) and C(e) chemical
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1 o _
shifts was resolved using C NM R for amide and carboxylic carbonyls. The 
remaining carbons (a,b and d) show signals at 52.14, 58.07 and 55.37 ppm; 
respectively. The chemical shifts o f  C(a) (52.14 ppm) can be easily assigned, while 
C (b and d) could not be distinguished.
T a b le  3 .2  13C  N M R  chemical shifts(5) in ppm  fo r the carbons o f [N ,N '-bis(acetic)- 
N ,N ’-bis(acetanilide)]ethylenediam ine in  D M S O  at 298 K
Carbons in  the molecule 5(ppm ) Num ber of carbons
C(a) 52.14 2
C(b) 58.07 2
C(c) 172.88 2
C(d) 55.37 2
C(e) 169.44 2
C(f) 138.60 2
C(g) 119.02 2
C(h) 128.56 2
C (i) 123.50 2
C (j) 128.57 2
C(k) 119.02 2
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Fig. 3.3 I3C  N M R  spectrum of [N ,N ’-bis(acetic)-N ,N ,-bis(acetaniIide)]ethylenediamine  
in D M S O  at 298 K
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I R  S p e c tro p h o to m e tric  studies:
The infrared spectra o f  the ligand (Fig. 3.4) shows several absorption bands which 
may be assigned to the different functional groups as follows:
The absorption bands at 3138 and 3200 cm ' 1 are assigned to the N - t j  stretching 
vibrations o f  a secondary amide attributed to the cis and irons  isomers resulting 
from hydrogen bond formation. This assignment was made on the basis o f  the IR 
spectrum o f  ethylenediamine-N,N,N’ ,N ’ -tetracetanilide previously reported119. The 
remaining absoiption bands at 3314 and 3269 cm ’ 1 are attributed to the NH which 
corresponds to the ligand in its zwitterionic form. The stretching band at 1605 cm ’ 1 
was assigned to the carboxylate (COO’) group.The absoiption at 1689 cm ’ 1 shown in 
the IR spectrum o f  the ligand is similar to that found in eddada and it is assigned to 
the amide I band since in anilides this is usually found towards the upper end o f  the 
the range.
The CH stretching vibration o f  the aromatic moiety is found at 3085 cm’1. The sp3 
CH stretching vibrations o f  the ethylene bridge are found at 2924-2880 cm’1.
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Fig. 3.4 IR  spectrum o f  [N,N?-bis(acetic)-N,NT-bis(acetanilide)]ethylenediamine
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3 .1 .2  P h ys ica l p ro p e rties
[N,N'-bis(acetic)-N,N'-bis(acetanilide)]ethylenediamine is a white solid with 
melting point in the range o f  98-100 °C. It is soluble in some organic solvents such 
as N,N dimethylformamide, dimethylsulfoxide and butan-l-ol. In a basic medium 
such as NaOH, the sodium salt o f  this EDTA derivative is formed and therefore, as 
such it is soluble in water.
3 .1 .3  T h e  d issociation o f  e d d ad a .
pSf,N'-bis(acetic)-N,N'-bis(acetanalide)]ethylenediamine might be considered as 
hexadentate ligand due to the presence o f  two tertiary amines and four carbonyl 
groups in its structure. The presence o f  carboxylic and amino groups give this ligand 
particular characteristics. Thus, different ionic species are expected to be formed 
according to the solution pH. Assuming that the amide nitrogens do not participate 
in the process, the dissociation steps o f  the ligand can be summarized as follows:
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h o o c h 2g H CILCOOH
v
HNOCELC (a) CH2CONH 
pKax
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OOCH?C /  \  ^CH2COO
Nn 2
) > HNOCH2C (e) CH2CONl
The potentiometric titration curve ( a plot o f  pH versus the volume o f  HC1 acid
added) for eddada is shown in Fig.3.5. The first derivative against the
dv
[acid/ligand] ratio (Fig. 3.6) show two maxima on the x-axis at 1 and 2, which 
correspond to the protonation constants o f  the amine nitrogens (pKa4 — 6.67 and pICa3 
= 3.54). The dissociation o f  the carboxylic groups (pKa} and pKa2) could not be 
detected.
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It is known that when the acid carbonyl group is attached to the nitrogen donor 
atoms through a methylene spacer , pKa values decreases by two or more units. This 
has been attributed to the strong electron withdrawing effect o f  the carbonyl group 
which results in a dramatic decrease in the basicity o f  the amine nitrogens. This is 
corroborated in the pKa values o f  similar derivatives in water ( Table 3.3)
Tab le  3.3 Protonation constants o f some E D T A  derivatives in w ater at 298.15 K .
These results show that the electron withdrawing effect o f  the carbonyl groups o f  
the amide moiety is stronger than that o f  the carbonyl group o f  the ethyl ester 
moiety. Similar effects have been observed in dipeptides in which the primary 
amine (-NH2) nitrogens are separated by one methylene group from the peptide 
bond121.
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Fig. 3.5 The relationship between pH and volume of HC1 added to the ligand.
Fig 3.6 Potentiometric titration curve of eddada with hydrochloric acid in water at 
298.15 K.
3 .2  C o m p le x a tio n  o f  e d d a d a  w ith  m e ta l cations in  so lu tio n
Since the main driving force o f  this research is the production o f  an easily 
recyclable polymeric material containing a selective ligand to be used as efficient 
extracting ogent for metal cations, it was considered relevant;
a) to assess the complexing properties o f  this ligand for metal cations in solution by 
spectrophotometry.
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b) to determine the composition o f  the complex. For this purpose, the method o f  
continuous variation was applied. Metal cations considered are copper(II), 
nickel(II), cobalt(H), cadmium(II), lead(II) and mercury(II). The reaction medium 
selected was butan-l-ol, due to relatively high solubility o f  this ligand in this 
solvent. In addition, a phase separation between water and butan-l-ol can be 
achieved. Therefore, this solvent system can be used in solvent extraction processes.
3.2.1 Spectrophotometric studies
1 0 7The method suggested by Job (continuous variation) is commonly used for 
determining the composition o f  complexes in solution. Therefore, to investigate the 
stoichiometry o f  this ligand with some metal cations (Cu(II), Ni(II), Co(II), Cd(II), 
Pb(II) and Hg(II)) in butan-l-ol, this method was applied. The results obtained for 
each metal cation are discussed separately.
3 .2 .1 .1  S p e c tro p h o to m e tric  t i t r a t io n  o f  th e  e d d ad a  w ith  C u (U )  p e rc h lo ra te  in  
b u ta n - l -o l  a t 2 98 .15  K .
* 3Fig.3.7 shows the spectrophotometric titration curve o f  the ligand (5.04 x 10' mol 
dm'3) with a solution o f  Cu(II) perchlorate (.015 mol dm'3 ) in butan-l-ol at 298.15 
IC.). A  suitable wavelength o f  maximum absorption was found at 650 nm, the 
absorbance at this wavelength was shifted as a result o f  stepwise addition o f  a Cu(II) 
solution to the ligand, indicating complex formation.Thus, Fig.3.7a shows the 
relationship between the absorbance and the mole fraction o f  Cu(II). A  maximum at. 
Cu(II) molar fraction o f  0.5 indicates the formation o f  a 1:1 complex. One o f  the 
crosschecks which should always be carried out when using the Job’ s method is that 
the absorbance should be measured at two different wavelengths.The maxima 
occurred at the same value o f  Cu(II) molar fraction in both cases, indicating the 
validity o f  applying this method to this system under these conditions. It should be 
pointed out that the [Cu(II)L] system can display quite complicated chemistry with 
the formation o f  many complexes other than the 1 :1  species indicated in this 
experiment119. The present results simply indicate that under these particular 
conditions( pH ~ 7 ,1 = 0.1 mol dm'3) the predominant species in solution is the 1:1 
complex .
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Fig. 3.7 Spectrophotometric titration of eddada solution with Cu(C104) 2 solution in 
butan-l-ol at 298.15 K
637.7 nm 
650.4 nm
Molar fraction of Cu(ll)
Fig. 3.7a Plot of absorbance against molar fraction of Cu(II) in butan-l-ol at 298.15 K
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3.2.1.2 Spectrophotometric titration of eddada with Ni(II) perchlorate in 
butan-l-ol at 298.15 K.
Fig. 3.8 shows the spectrophotometric curve obtained from scanning in the 290-400
* 3 3nm region for the titration of the ligand (5.04 x 10" mol dm" ) with Ni(II)
3 • •perchlorate (0.017 mol dm" ) in butan-l-ol. From this spectrum two wavelengths 
(382.0 and 395nm) were taken to trace the variation in the absorbance during the 
titration process. Fig 3.8 a shows the relationship between the absorbance and the 
molar fraction of Ni(II) at two different wavelengths. This plot shows »a  steady 
increase of the absorbance when Ni(II) solution was added to the ligand, due to an 
increase in the amount of the complex formed. The maximum absorbance is found 
at 0.5 molar fraction of Ni(II) which indicates the formation of a 1:1 complex. A  
decrease in the absorbance observed when an excess of Ni(II) solution was added 
may be due to dilution effects .
Fig. 3.8 Spectrophotometric titration of eddada solution with Ni(C104)2 solution in 
butan-l-ol at 298.15 K.
Molar fraction of Ni(ll)
*§>382.0 nm 
A 395.3 nm
Fig. 3.8a Plot of absorbance against molar fraction of Ni(II) in butan-l-ol at 298.15 K
3.2.1.3 Spectrophotometric titration of eddada with Co(II) perchlorate ie 
butan-l-ol at 298.15 K .
Fig.3.9 shows the spectrophotometric titration curve over the 400-600 nm 
wavelength range for the ligand - Co(II) perchlorate system in butan-l-ol. When 
the ligand solution (5.04 x 10'3 mol dm"3) was titrated with Co(II) perchlorate (0.016 
mol dm"3) a new peak started to appear in the 500 nm region which corresponds to 
the complex formed .Fig. 3.9a shows the plot of absorbance against the molar 
fraction of Co(II) added. The composition o f the cobalt(II) complex is calculated 
from the intersection of the two lines which occured at Co(II) molar fraction 0.5, 
indicating the formation of a 1:1 complex .
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Fig 3.9 Spectrophotometric titration of eddada solution with Co(C104)2 solution in 
butan-l-ol at 298.15 K
L 558.2 nm 
1540.4 nm
Molar fraction of Co(ll)
Fig 3.9a Plot of absorbance against molar fraction of Co(II) in butan-l-ol at 298.15 K
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3.2.1.4 Spectrophotometric titration of eddada with Cd(H) perchlorate in 
butan-l-ol at 298.15 K.
Fig.3.10 shows the spectrophotometric titration plot obtained in the 200-350 nm 
region for the titration of the eddada (5.04 x 10‘3 mol dm'3) with Cd(II) (0.017 mol 
dm'3) in butan-l-ol.
A  plot of absorbance against the molar fraction of Cd(II) in butan-l-ol at 298.15 K  
using two different wavelength is shown in Fig.4.10a . As the amount of complex 
formed increases , the absorbance increases. The formation of a 1:1 complex is 
indicated by the intersection of the two lines at 0.5 molar fraction.
Fig 3.10 Spectrophotometric titration of eddada solution with Cd(C104)2 solution in 
butan-l-ol at 298.15K
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Fig,3.10a Plot of absorbance against molar fraction of Cd(II) in butan-l-ol at 298.15 K
3.2.1.5 Spectrophotometric titration of eddada with Hg(II) perchlorate in 
butan-l-ol at 298.15 K .
Fig.3.11 shows the spectrophotometric curve obtained for the titration of the eddada 
(5.04 x 10"3 mol dm'3) with Hg(II) perchlorate (0.016 mol dm'3) in butan-l-ol at
298.15 K. The spectrum shows one isosbestic point at 260 nm which reveals the 
existence of two main species in solution. Fig.3.11a shows the relationship between 
the absorbance and the molar fraction of Hg(II) at two different wavelengths (255.2 
and 262.5 nm). This plot shows the steady increase of the absorbance when Hg(II) 
solution is added to the ligand. The maximum absorbance found at 0.5 molar 
fraction of Hg(II) indicates the formation of a 1:1 complex. The decrease in 
absorbance observed when an excess of Hg(II) solution was added may be due to 
dilution factors.
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\Fig 3.11 Spectrophotometric titration of eddada with Hg(Cl04)2 in butan-l-ol at
298.15 K.
Molar fraction of Hg(ll)
♦262.5 nm 
A  255.2 nm
Fig.3.11a Plot of absorbance against molar fraction of Hg(II) in butan-l-ol at 298.15 K
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3.2.1.6 Spectrophotometric titration of eddada with Pb(II) perchlorate in 
butan-l-ol at 298.15 K.
Fig.3.12 shows the spectrophotometric curve obtained by scanning in the 250-400 
nm region when the solution of the ligand is titrated with Pb(II) perchlorate(0.017 
mol dm ") solution, Fig.3.13 a shows the relationship between the absorbance and 
the mole- fraction of Pb(II). When Pb(II) solution was added to the ligand, the 
absorbance at 260.4 nm was shifted as a result of the complex formed in the 
solution.
Fig.3.12 a shows a broad maximum at Pb(II) molar fraction of 0.5 indicating the 
formation of a 1:1 complex.
Fig 3.12 Spectrophotometric titration of eddada with Pb(C104)2 in butan-l-ol at
298.15 K.
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Fig 3.12a Plot of absorbance against molar fraction of Hg(H) in butan-l-ol at 298.15 
K.
3.3 Stability constants of eddada and metal cations in water at 298.15 K .
Several methods have been suggested for the determination of stability constants of 
chelating ligands and metal cations. These can be classified according to 
measurements which are:
i) proportional to concentration .
ii) dependent upon the logarithm of the concentration.
Among the latter, potentiometry is one of the most accurate techniques for the 
determination o f metal ion-concentrations(or srictly speaking, activities) and this is 
the method selected for the determination of stability constants of metal cations and 
[N,N'-bis(acetic)-N,N'-bis(acetanilide)]ethylenediamine in water at 298.15 K. This 
method is particularly suitable for eddada since the species present in solution are 
dependent on the pH of the solution. Consequently, the pH glass electrode can be 
used for these purposes. Thus, the dissociation constants of the protonated ligand are 
determined from the pH titration curve of the ligand as detailed before. For the 
detemination of the stability constants of the metal ion complexes; the pH titrations 
were conducted in the presence of an excess of the metal cations. Figs.3.13 - 3.19 
show the relationship between the first derivatives (dpH/dV) against the mole ratio 
of acid to ligand in the absence and in the presence of the metal cation. In the case
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of complex formation the curves show one sharp peak at molar fraction 2 which is 
attributed to the release of two protons according to the following overall process;
eddadaH, 2+ + M 2+ ->  eddada M 2+ + 2H + (3.2)
The stability constants of the 1:1 complexes calculated from the titration data in 
water at 298.15 K are shown in table 3.5.
These data are used to calculate the standard Gibbs energies of complexation, ACG° 
using the well known relationship.
ACG °= - RTln Ks
where R is the gas universal constant and T is the absolute temperature in K. In 
order to interpret these data, the ionic radii o f metal cations are considered ( values 
between brackets). A  plot of stability constant against the ionic radii (Fig.3.20) does 
not show any correlation.
For comparison purposes, corresponding data for the same cations and EDTA in 
water are included in table 3.5. The values show a decrease in stability as a result of 
replacing two carboxylic groups in EDTA by -NH-C6H5 groups.
[Acid]/[Ligand]
A Ligand 
A Cd complex
Fig. 3.13 Potentiometric titration curves of eddada and its cadmium complex in water 
at 298.15 K using HC1 as titrant.
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Fig. 3.14 Potentiometric titration curves of eddada and its copper complex in water at
298.15 K using HC1 as titrant.
[H]/[Ligand]
^  Ligand 
A Hg complex
Fig. 3.15 Potentiometric titration curves of eddada and its mercury complex in water 
at 298.15 K using HC1 as titrant.
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Fig. 3.16 Potentiometric titration curves of eddada and its lead complex in water at
298.15 K using HCI as titrant.
A Ligand 
A Ni complex
Fig. 3.17 Potentiometric titration curves of eddada and its nickel complex in water at
298.15 K using HCI as titrant.
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[Acid]/[Ligand]
A Ligand 
a  Co Complex
Fig. 3.18 Potentiometric titration curves of eddada and its cobalt complex in water at
298.15 K using HC1 as titrant.
[Acid]/[Ligand]
A Ligand 
A Zn complex
Fig. 3.19 Potentiometric titration curves of eddada and its zinc complex in water at
298.15 K using HC1 as titrant.
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Table 3.4 Stability constants and derived Gibbs energies of complexation of metal 
cations and eddada in water at 298.15 K.
Cation logK s* AcG/kJmol’1
........ o 7 15.41+0.42 -87.8910.62
(0.72)' (18.70)a (-121.75)*
N i2+ 13.61±0.27 -77.6210.61
(0.69) (18.52) (-114.22)
Co2+ 10.6110.92 -60.5110.28
(0.74) (16.26) (-109.20)
ry 2+Zn 9.7710.16 -55.7210.17
(0.74) (16.44) (-107.11)
Pb2+ 15.6110.14 -89.0310.61
(1.21) (17.88) (-98.74)
Cd2+ 9.141.0.37 -52.1310.31
(0.97) (16.36) (-107.94)
TT 2+Hg 15.8110.51 -90.171055
(1.10) (21.5) (-153.55)
*Determined by potentiometric technique
a 121
values shown in parenthesis are the corresponding values for EDTA 
1 Ionic radius in A °
Ionic radii (A)
Fig. 3.20 The relationship between the satability constant and ionic radii in water
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Therefore, it is of interest to assess the selective properties of this ligand relative to 
EDTA. In order to do so, the ratio between the stability constants of mercury(II) 
relative to other cations are calculated and these are shown in table 3.5 
Table 3.5 Selectivity of EDDADA and EDTA for metal cations in water at 298.15 IC
Cations S(a)
EDDADA
S(b)
EDTA
C u * 2.5 638.0
Ni2+ 158.7 969.0
Co2+ 1.6x l 05 1.7xl05
Zn2+ l.lx lO 6 l.lx lO 5
Pb2+ 1.6 4.2xl04
Cd24 4.7xl06 1.4xl05
Hg2+ 1.0 1.0
K  H&2+
a) S =  ■ , K s values obtained from log Ks given in table 3.4
K SM  *
121b) S from log K s values given in the literature
is
The most striking feature of these data are the dramatic changes in the selectivity of 
eddada relative to edta. Thus, the selectivity of eddada for metal cations follows the 
sequence;
Hg2+ >  Pb2+ >  Cu2+ >  Ni2+ >  Co2+ >  Zn2+ >  Cd2+
The data shown in table 3.6 reflect that the stability of eddada with metal cations is 
very high. Therefore, metal ion complexes of eddada were isolated and this is now 
discussed.
3.4 TSiermodynamk studies of complexation of [N,N,“bis(acetic)“N,N,“ 
bis(acetanilide)]ethylenediamine with metal cations in N,N dimethylformamide 
at 298.15 K .
The various species obtained in solution for eddada in water add a great deal of 
complexity for the calorimetric determination of complexation data for this ligand 
and metal cations in this solvent. Encouraged by the observation that the 
conductance of a solution of the ligand in N,N- dimethylformamide was relatively
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small (3.5x1 O'6 H^cm’1) which suggested that the neutral ligand is the predominant 
species in solution, thermodynamic studies on the interaction of the ligand and metal 
cations in this solvent were carried out in an attempt to assess the solvent effect on 
the stability of metal ion complexes in solution . Trial experiments show that the 
magnitude of the stability constant of eddada and cations in this solvent were well 
within the scope of calorimetry ( log Ks <  5). The advantage of calorimetry relative 
to other techniques is that not only the enthalpy associated to the complexation 
process can be determined but also the stability constant. Therefore, the Gibbs 
energies, enthalpies and entropies of complexation can be obtained from this 
technique. Thus, tables (3A-3G) give details on calorimetric titration data for the 
various metal cations and eddada in N,N~ dimethylformamide ( Appendix-3). 
Thermodynamic data for the complexation o f eddada and metal cations in N,N  
dimethylformamide are reported in table 3.6. These are referred to the following 
process:
M 2+(D M F) +  L(D M F ) ->  [M 2+L](D M F) (3.1)
The data shown in this table reflect that the experimental data fit into the 1:1 model
Cl/
used for the derivation of thermodynamic parameters, since/reasonable standard 
deviation j:§ obtained. Like in water, the highest selectivity shown by the ligand in 
this solvent is for mercury(II).
There are four possible combinations o f enthalpy (A^H0) and entropy (ACS°) which 
lead to favourable Gibbs energies ( negative values), and these are;
a) The process may be enthalpically controlled. This could be the result o f ;
i) ACH° < 0 < T ACS° or ii) ACB ° <  T ACS° < 0
b) The process may be entropically controlled as a result of;
i) AeH0 <  0 <  T ACS° or ii) T ACS° >  A^ 0 >  0
The results presented in table 3.6 are characteristic of enthalpy controlled processes 
which take place with a considerable loss of entropy, which may be attributed to the 
interaction of two chemical species to form the metal ion-eddada complex. Another 
interesting aspect to emphasise is the solvent effect on the complexation process 
which leads to dramatic changes in the complex stability relative to corresponding 
data in water (table 3.4). Undoubtedly, N ,N  dimethylformamide is a solvent of basic 
character and as such, a good solvator for metal cations. Another important aspect to
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point out is that, as far as the transition metal cations are concerned, the stability 
constant data reflect the sequence observed in the Irving and Wiliam series 
Cu(II) >  Ni(II) >  Co(II) , Zn(II) > Cd(II)
The selectivity behaviour of this ligand in N,N-dimethylformamide is relatively poor 
to the extent that very small differences are observed in the Gibbs energies of 
complexation. However,the results clearly indicate that the different contributions 
observed in the ACH° and ACS° values are the result of an interesting enthalpy-
123entropy effect which has been extensively discussed for other systems . This may 
be attributed to solvation changes during the complexation which lead to these 
thermodynamic consequences. In an attempt to test the enthalpy and entropy 
compensation effect, ACH° values are ploted versus ACS° and this is shown Fig.3.21. 
The relationship between these two parameters for all of these metal cations was 
almost linear with slope =  297.77 K  which almost equivalent to the standard 
temperature (298.15 K). The intercept of -15.32 kJ mol'1 is close to the standard 
Gibbs energy (ACG°) of eddada and these metal cations in DMF as seen in table 3.4.
Table 3.6 Thermodynamic parameters of complexation of [N,N'-bis(acetic)-N,Nf- 
bis(acetanilide)]ethylenediamine with some metal cations in DMF at 298.15 K.
Cation log Ks AcG°/kJmori AcH°/kJmori ACS°/J K"1mol"1
C iT 3 .1 3 + 0 .0 9 -17.94 ± 0 .5 2 -44.96 ±  0.96 -90.60
Ni2+ 3.08 ±0 .11 -17.58 ± 0 .4 4 -49.04 ±0 .91 -105.34
Co2+ 2 .9 1 + 0 .1 2 -16.61 ±0 .3 1 -42.30 ± 0 .7 7 -86.16
Zn2+ 3.01 ± 0 .1 4 -18.47 ± 0 .1 8 -35.27 ± 0 .6 2 -56.38
Pb2+ 3.31 ± 0 .1 1 -18.88 ± 0 .6 5 -62.55 ± 2 .7 7 -146.48
Cd2+ 2.90 ±0 .0 1 -16.74 ± 0 .0 7 -36.66 ± 0 .5 2 -66.81
Hg2+ 3.38 ±0 .11 -20.42 ±  0.64 -95.30 ± 2 .3 9 -251.16
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Fig. 3.21 Relationship between enthalpy and entropy of complexation of metal cations
and eddada in DMF.
-100 -80 -60 -40 -20 0
ACS° ( JK'1 mol'1)
3.4 Synthesis of metal-ion complexes.
The stoichiometry o f the complexes formed between the metal ions (Co2+ ,Cu2+, 
Ni2+, Cd2+, Pb2+ and Hg2+) and the eddada is 1:1 as confirmed by Uv/visible 
spectrometry . Therefore, attempts have been made to synthesise and isolate 
complexes of these metal ions. Microanalysis data carried out at the Surrey 
University are reported in Table 3.7. Good agreement is found between observed 
and calculated values. On these basis, the composition o f the metal-ion complexes is 
suggested in this table.
Table 3.7 Microanalysis data of metal ion complexes of eddada.
Suggested composition Found Calculated
i '■ *
%C %  H
f
•% N % C
. . t
% H  ■
* % N
[Co(H)HL]C104. 0.5 H20 43.55 4.18 8.96 43.35 4.46 9.19
[Ni(II)HL] C104 41.36 4.34 8.68 41.84 4.72 8.87
[Cu(II)HL](C104).C2H5OH 47.25 5.36 9.14 47.67 5.36 9.20
[Hg(II)HL](C104). H20 34.92 3.85 7.17 34.74 3.71 7.37
[Pb(II)L]. 3 H20 37.32 4.41 7.34 37.55 4.58 7.96
[Cd(II)HL](C104). 1.3 H20 39.88 4.32 8.34 39.30 4.20 8.33
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The infrared spectra of the complexes formed between the divalent and tervalent
• * 124-125metal cations and EDTA have been previously discussed by some authors ’ . It
has been suggested that in some cases the binding between ligand and metal ions is 
essentially ionie[ Al(III); Bi(III); Ce(III)3 while for others [V(HI); V(IV), Fe(III); 
Cr(III)] is covalent. The infrared spectra of complexes of ethylendiamine- 
N ,N ,N ’ ,N ’ -tetracetanilide with metal cations such as Cu(II); Co(II) and Ni(II) were 
studied by Cardenas118. The infrared spectra for Co(II); Cu(II); Ni(II); Cd(II); 
Hg(II) and Pb(II) complexes of eddada are shown in Fig.3.22 - 3.27.
Due to the presence of different groups such as amide, carboxylate and aromatic 
rings all of which absorb between 1450 and 1750 cm'1, it is difficult to interpret any 
significant shift in this region but nevertheless different patterns may be observed as 
follows:
I) All metal complexes except lead had a strong absorption near 1100 cm' 1 
suggesting the presence o f ionic perchlorate, while in the case of lead there is weak 
absorption near 1094 cm"1 which may be attributed to the stretching of C-N126.
ii) Regardless of the interpretation of the peaks, there are similarities between 
nickel(II), copper(II), cobalt(H) and cadmium(II) and between lead(II) and 
mercury(II) as the spectra show.
W e could assume that the mode o f coordination of the ligand is similar within each 
of these two groups but on the basis of the infrared spectra alone it is not possible to 
assign structure.
3.6 Infrared Studies of metal complexes.
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Fig 3.22 Infrared spectrum of [C o (H )H L ](0 0 4).0.5H20
106
Fig 3.23 Infrared spectrum of [Ni(n)HL](C104)
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Fig 3.24 Infrared spectrum of [Cu(n)HL](C104).C2H50H
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Fig 3.25 Infrared spectrum of [Pb(n)L].3H20
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Fig 3.26 Infrared spectrum of [Hg(IT)HL]( C104). H20
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Fig 3.27 Infrared spectrum of [C d (n )H L ](0 0 4).1.3H20
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3.7  Extraction of metal cations by eddada in the water-butan-l-ol solvent 
system at 298.15 K.
Since the main objective of this research is to synthesise and characterise eddada 
and to incorporate it into a polymeric framework in order to produce a new material 
for the selective extraction of metal cations, it is of interest to assess the ability of 
eddada to extract metal cations ( Cu2+ ,Ni2+ , Co2+ , Cd2+ , Hg2+ , and Pb2+ ) in 
the mutually saturated water-butan-l-ol solvent system. Butan-l-ol was chosen 
because a separation between this solvent and water can be achieved and therefore, 
it is possible to study the distribution o f these metal cations in the two phases. 
Before discussing the results obtained from the partition experiments, the analytical 
techniques used for the quantitative determination of metal cations and this ligand 
are first described.
3.8 Determination of metal cations using atomic-absorption spectrometry
Atomic-absorption spectrometry (AAS) is currently one of the most widely used 
techniques for the quantification of metal cations. The high selectivity and 
sensitivity of this technique in many cases enable direct analysis o f samples. 
Therefore, in the present work the AAS technique was adopted for the quantitative 
determination of metal ions in solution.
Calibration curve for use in atomic absorption measurements for the relevant metal 
cations ( Cu2+ ,Ni2+ , Co2+ , Cd2+ , Hg2+ , and Pb2+ ) were obtained by aspirating 
into the flame, samples o f solutions containing known concentrations of the 
appropriate metal ion, measuring the absorption of each solution, and then 
constructing a graph in which the measured absorption was plotted against the ion 
concentration in solution. The calibration curves for Co2+(Fig.3.28), Cu2+(Fig. 3.29 ) 
, Ni2* (Fig.3.30 ) , Pb2+ (Fig.3.31 ) , Au3+ (Fig. 3.32 ) , Cd2+(Fig.3.33) ,Hg2+ 
(Fig.3.34) and Na+ (Fig. 3.35) are found to be linear within the detection limit o f the 
equipment for each metal. The intercepts (a) , slopes (m) and the correlation 
coefficients (r) are indicated in the figures.
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Fig 3.28 Calibration curve for the quantitative determination of Co by atomic
absorption spectrophotometry
y  =  a  +  bx
a =  -0.0262 , b = 0.0763 , r = 0.9999 
Fig 3.29 Calibration curve for the quantitative determination of Cu by atomic 
absorption spectrophotometry.
Cu[ppm]
y  = a + bx
a = -0.0572 , b = 0.1603 , r = 0.9999
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Fig 3.30 Calibration curve for the quantitative determination of Ni by atomic
absorption spectrophotometry.
Ni[ppm]
y  -  a + bx
a = -0.026 , b = 0.0615 , r = 0.9999
Fig 3.31 Calibration curve for the quantitative determination of Pb by atomic 
absorption spectrophotometry.
Pb[ppm]
y  = a + bx
a — —0.0061 , b = 0.0078 , r = 0.9999
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Fig 3.32 Calibration curve for the quantitative determination of Au by atomic
absorption spectrophotometry.
Au[ppm]
y  = a  +  b x
a =  0 .0 0 5  , b = 0 .0 1 3 1  5 r  = 0 .9 9 9
Fig 3,33 Calibration curve for the quantitative determination of Cd by atomic 
absorption spectrophotometry.
Cd[ppm]
y  — a +  bx
a =  0 .0 3 4 5 , b =  0 .1033 , r =  0.9999
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Fig 3.34 Calibration curve for the quantitative determination of Hg by atomic
absorption spectrophotometry.
Hg[ppmJ
y  =  a  +  bx
a  =  -0.0028 , b =  0.0002 , r  = 0.9999
Fig 3.35 Calibration curve for the quantitative determination of Na by atomic 
absorption spectrophotometry.
Na[ppm]
y  -  a + bx
a  = 0.0009 , b = 0.2226 , r  =  0.9999
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3.9 Distribution of metal cations in the water-butan-l-ol solvent system.
The distribution of metal cations (Cu2+ , Ni2+, Co2+, Cd2+, Hg2+ and Pb2+) in the 
mutually saturated water-butan-l-ol solvent system in the presence and the absence 
of [N,N'-bis(acetic)-N,N'-bis(acetanilide)]ethylenediamine in the organic phase was 
studied as a function of:
i) the pH of the aqueous solution.
ii) the concentration of the ligand in the organic phase.
Thus, table 3.8 and Fig 3.36 show the percentages of the individual metal ions 
extracted from water to butan-l-ol at 298.15 K  by the eddada.
Table 3.8 Percentages of metal ion extracted from water to the organic phase by [N,N'- 
bis(acetic)"N,N'-bis(acetaniiide)]ethylenediaimne as a function of pH of the aqueous 
solution at 298.15 K.
pH Co% N i% Cu% Cd% Hg% Pb%
8.23 5.30 8.50 12.22 21.70 18.66 20.06
6.20 20.06 20.82 54.32 64.92 62.05 42.04
5.01 70.11 74.79 76.88 78.52 65.43 55.90
4.10 72.75 74.95 76.89 81.21 87.94 60.20
3.40 71.92 73.98 76.58 79.30 87.23 63.43
2.20 71.41 73.57 76.49 77.72 86.95 62.53
1.20 68.62 72.76 72.86 75.41 86.83 61.05
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• 3 3 •Fig 3.36 Extraction of metal cations by eddada (1.52 x 10' mol dm' ) at different pH 
of the aqueous solution (/ = 0.1 mol dm 3, T= 298.15 K)
pH
The results show that these cations are best extracted to the organic phase by 
eddada at low pH’ s o f the aqueous phase(l-4). Indeed, there is a remarkable 
decrease in the ability of the ligand to extract these cations at pH’s higher than 5. 
Thus, the best conditions for cation extraction is at about pH 4. The percentage of 
metal cations extracted follows the sequence:
Hg(II) > Cd(II) >  Cu(II) =  Ni(II) > Co(II) > Pb(II).
Table 3.9 shows the extraction data for metal cations as a function of ligand 
concentration and in the absence of the ligand. This is best expressed in terms of the 
distribution coefficient and this is now discussed.
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Table 3.9 Percentages of metal cations extracted from aqueous solutions at 
different eddada concentrations in butan-l-ol at 298.15 K.
Ligand
concentration Cu2+ Co2+ Ni2+ Cd2+ Hg2+ Pb2+
0.0 6.44 8.51 3.22 4.91 5.48 4.12
1.3xl0 '3 76.42 72.82 73.61 81.03 87.62 63.55
8.5xl0 '4 75.64 71.06 72.92 79.92 85.81 60.82
6.55xl0 '4 74.92 70.22 71.05 77.41 83.59 58.49
6.15xl0"4 73.45 68.03 70.22 75.61 81.61 57.92
5.55xl0 ’4 71.62 67.77 69.11 73.37 79.48 55.59
5.15xl0"4 68.83 65.81 67.05 71.04 76.59 53.82
4.5 5x1 O’4 65.93 63.02 64.82 68.99 74.93 51.72
4.25xl0"4 63.82 61.39 62.32 65.26 72.92 49.83
3.85xl0’4 60.61 57.93 58.92 62.71 68.94 42.40
3.25xl0"4 57.92 55.04 56.04 59.41 65.36 38.83
2.55xl0"4 51.92 53.84 50.92 56.74 62.38 33.59
2.25xl0‘4 42.91 51.04 40.53 52.49 59.05 31.72
1.55xl0 '4 38.63 43.92 36.59 49.61 55.58 28.93
1.25xl0‘4 36.73 35.72 33.49 47.82 51.39 24.72
8.55xl0 ’5 28.12 27.92 25.62 42.82 47.28 20.82
6.25xl0'5 20.98 16.03 18.05 25.84 33.82 18.82
4.5 5x1 O’5 20.44 14.04 12.47 21.96 26.91 12.91
2.25xl0’5 18.58 12.92 10.52 15.04 22.72 10.81
The distribution coefficient (D) o f the metal can be calculated from the molar ratio 
of the metal ion concentration in the organic phase (Corg) to the metal-ion 
concentration in aqueous phase (Caq).
U -  L k .
[CL,
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Figs 3.37 to 3.42 show the relationship between the distribution coefficient (D) 
versus the initial molar concentration of the ligand in the organic phase.
Fig. 3.37 Relationship between the logarithm of distribution coefficient of Co(II) and
eddada concentration.
eddada concentration.
Fig.3.38 Relationship between the logarithm of distribution coefficient of Cu(II) and
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Fig. 3.39 Relationship between the logarithm of distribution coefficient of Ni(II) and
eddada concentration.
Fig. 3.40 Relationship between the logarithm of distribution coefficient of Pb(II) and
eddada concentration.
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Fig. 3.41 Relationship between the logarithm of distribution coefficient of Cd(II) and
eddada concentration.
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Fig. 3.42 Relationship between the logarithm of distribution coefficient of Hg(Il) and
eddada concentration.
In all cases, as the ligand concentration in the organic phase increases, the 
distribution coefficient (log D) increases, although the preference of the metal cation 
for the organic phase relative to water is strongly dependent on the ligand 
concentration and the nature of the cation. Thus, at ligand concentration of 4x1 O'4 
mol dm'3, the mercury cation shows preference for the organic phase while a much
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higher ligand concentration (2.0x1 O'3 mol dm"3) is required for Co2+ to show this 
preferential behavior for the organic phase. Although the stability constant of the 
complex may play a role, the transfer of the cation from water to the organic phase 
also contribute to the distribution process. Therefore, the distribution coefficients 
will not necessarily correlate with the complexation of the metal cation and the 
ligand in butan-l-ol (trial experiments showed that in butan-l-ol. log Ks values 
follow the same sequence of that found in water).
3 .10  Polymeric Chelating Resins
The removal and control of pollutants from the environment is an area of utmost 
importance and one which as the environmental concern grows is under continuous 
investigation for improvement. An example of the many technologies currently in 
use for pollution control is solvent extraction and since this involves large 
quantities of solvents, some of which, pose serious hazards, it has become 
necessary to replace this method by one which uses alternative friendly and 
recyclable materials. In this aspect, special attention should be paid to the 
development of polymers containing the proper ion selective ligand as anchor 
groups. Based on the encouraging results obtained in the extraction of the metal ions 
with jN,N'-bis(acetic)-N,N'-bis(acetanilide)]ethylenediamine/'., .^proceeded with the 
incorporation of this ligand into chloromethylated polystyrene in order to;
i) Synthesis a new polymeric material.
ii) Investigate the properties of this material as an extracting agent for the removal 
of metal cations from the aqueous phase.
3.11 Attachment of [N,N’-bis(acetic)-N,N’-bis(acetaniIide)]ethylenediamme into 
chloromethylated polystyrene
As far as [N,N'-bis(acetic)-N,N'-bis(acetanilide)]ethylenediamine is concerned there 
are several active sites available for the insertion of this ligand into 
chloromethylated polystyrene, such as, the methylene (-N-CH2CONH ) spacer and 
the hydrogens of the amide groups.127
Based on the above statements, the hydrogen atoms of the amide groups were 
chosen as the attachment point between the ligand and the polymer through the N-
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alkylation of [N,N'-bis(acetic)-N,N1-bis(acetanilide)]ethylenediamme. This method 
was originally proposed by Zwierzak128 for the N-alkylation of secondary amides. 
Details on the synthesis o f the chelating resin were given in the experimental 
section. Microanalysis of the dried resin ( C; 81.76 % ; H; 6.94 %  and N; 1.34 % )  
indicated that one unit o f eddada is found in 34 units o f chloromethylated 
polystyrene. Therefore, the IR Fig(3.43) shows the characteristic absorption bands 
of chloromethylated polystyrene and other band at 1650 cm"1 which may be 
attributed to the presence of the carbonyl group.126 The ion exchange capacity o f the 
resin is 0.007 mmol g"1. The suggested structure for this chelating resin is shown in 
Fig.3.44.
124
5$0
Fig. 3.43 IR spectrum of new chelating polymer
Fig. 3.44 Suggested structure o f the new chelating resin
3.12 Extraction of metal cations from aqueous solution by a polymeric resin 
containing eddada as anchor group.
The experimental conditions selected to investigate the capability o f the resin to take 
up metal cations [Cd2+ ,Hg2+ , Pb2+ and Au3+] from aqueous solutions were
described in the experimental section of this thesis. The presence of eddada in the 
material may lead to two types of processes taking place between the resin and the 
solution. These are;
i) An ion exchange process, where sodium cations in the resin( L) are 
stoichiometrically exchanged with metal ions in solution (eq.3.3).
2N a+L +  M 2+ (aq) <=> M 2+ L + 2N a+ (aq) (3.3)
ii) An extraction process, resulting from the interaction of active sites of 
coordination of eddada in the resin with the metal cation of electrolyte solution 
(eq.3.4).
L + M 2+ +  I X "  (aq)<=> M AT, (3.4)
It was therefore relevant to investigate whether or not the resin is able to take up 
these cations and if so, the nature of the process. Thus, cation uptake by the resin 
was investigated by analysing the initial (Q ) and equilibrium (Ce) concentrations of  
the cation in the solution phase. The amount taken up (cp) by unit weight of the resin 
was calculated from;
q> ( mmol/g) =  (3.5)
where W  is the mass of the resin in grams.
Metal-ion initial and equilibrium concentrations (mmol/ml) in solution and amounts 
taken up by the resin (mmol/g) are listed in tables 3.10-3.13. Figs (3.45,3.47,3.49 
and 3.51) show plots o f equilibrium concentrations of the metal cations in the resin 
and in the aqueous phase. These are typical isotherms reflecting the maximum 
amount of metal cation that the resin is able to extract from aqueous solutions 
The data are striking in the sense that the selectivity of the resin for these cations is 
in the order;
Hg2+ > Cd2 ' > Pb2+ > A u 3+ . Thus, the capacity of this material to extract metal 
cations is as follows; Hg2+( 0.455 mmol/g), Cd2+( 0.386 mmol/g), Pb2+ ( 0.055
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mmol/g) and Au3+ ( 0.028 mmol/g). This selectivity pattern shown by this polymer 
towards these metal cations excluding Au3" is similar to the selectivity pattern 
displayed by the ligand in solution. Therefore, these results show that the 
incorporation of chloromethylated polystyrene does not affect the characteristics of 
the ligand in terms of selectivity.
In order to assess whether an ion-exchange or an extraction process or both take 
place when the resin is placed in contact with the solution containing the appropriate 
cation, the equilibrium solution was analysed for sodium. Thus, Figs (3.46, 
3.48,3.50 and 3.52) show the amount of sodium ion released by the resin (mmoles) 
against the amount of metal-ion (mmol) taken up by the resin. The results clearly 
demonstrate that the amount of sodium released by this material is small compared 
with the amount of metal cation taking up by the resin. It is therefore concluded that 
this new material behave as cation exchanger as well as an extracting agent.
Table 3.10 Data for the uptake of mercury(II) by the resin from aqueous solution at 
298.15 K.
[Hg]i
mmol/ml
[Na] mmol [Hg]R mmol [Hg]e
mmol/ml
[Hg]R
mmol/g
1.2E-4 1.9E-5 8.0E-4 4.0E-5 .017
2.3E-4 2.4E-5 2.1E-3 2.0E-5 .043
3.4E-4 2.8E-5 3.1E-3 3.0E-5 .063
8.2E-4 3.2E-5 6.8E-3 1.4E-4 .136
2.7E-3 3.6E-5 2.2E-2 5.7E-4 .443
3.0E-3 3.6E-5 2.3E-2 7.0E-4 .456
3.8E-3 3.5E-5 2.3E-2 1.5E-3 .454
4.2E-3 3.7E-5 2.3E-2 1.9E-3 .455
4.8E-3 3.6E-5 2.3E-2 2.5E-3 .453
7.7E-3 3.5E-5 2.3E-2 5.4E-3 .455
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[Na] the concentration o f sodium released by the resin during the extraction processes.
[Hg]R is the amount o f mercury taken up the resin.
[Hg] ( 103 mmol/ml)
Fig. 3.45 The relationship between the effective capacity of the resin and equilibrium 
concentration of Hg2+ in aqueous phase at 298.15 K
[Hg] ( 103 mmo1)
Fig. 3.46 The relationship between Na+ released and Hg2+ taken up by the resin
during the extraction processes
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Table 3.11 Data for the uptake of cadmium(ll) by the resin from aqueous solution at
298.15 K.
[CdJj mmol /ml [Na] mmol [Cd] mmol [Cd]e
mmol/ml
[Cd]R
mmol/g
8.0E-5 2.0E-4 2.6E-4 5.4E-5 .0053
1.0E-4 2.1E-4 3.5E-4 6.5E-5 .0071
1.6E-4 3.0E-4 3.7E-4 8.7E-5 .0146
2.0E-4 3.3E-4 1.2E-3 7.6E-5 .0247
2.2E-4 3.5E-4 1.5E-3 7.0E-5 .0299
3.1E-4 3.5E-4 2.0E-3 1.1E-4 .0403
4.0E-4 3.6E-4 2.8E-3 1.2E-4 .0574
4.8E-4 3.8E-4 3.6E-3 1.2E-4 .0722
6.5E-4 3.9E-4 3.9E-3 2.6E-4 .0792
7.8E-4 3.8E-4 6.3E-3 1.5E-4 .1267
9.7E-4 3.9E-4 7.8E-3 1.9E-4 .1548
2.0E-3 4.0E-4 1.9E-2 3.0E-5 .3911
2.1E-3 3.6E-4 1.9E-2 1.4E-4 .3885
[CdJ (103 uiniol/ml)
Fig 3.47 The relationship between the effective capacity of the resin and equilibrium 
concentration of Cd2+ in aqueous phase at 298.15 K
129
[Cd] (103 mmol)
Fig. 3.48 The relationship between Na+ released and Cd2+ taken up by the resin
during the extraction processes
Table 3.12 Data for the uptake of lead(II) by the resin from aqueous solution at 
298.15 K.
[Pb]j mmol /ml [Na] mmol [Pb] mmol [Pb]e
mmol/ml
[Pb]mmol/g
4.8E-5 1.7E-4 3.1E-4 1.7E-5 .0061
7.6E-5 1.9E-4 4.1E-4 3.5E-5 .0081
9.8E-5 2.7E-4 5.6E-4 4.2E-5 .0110
1.2E-4 2.9E-4 6.1E-4 5.9E-5 .0120
1.4E-4 2.9E-4 6.8E-4 7.2E-5 .0134
1.7E-4 3.5E-4 1.5E-3 2.0E-5 .0314
1.9E-4 3.7E-4 1.6E-3 3.0E-5 .0326
2.7E-4 3.8E-4 2.3E-3 4.0E-5 .0469
2.9E-4 3.7E-4 2.8E-3 1.0E-5 .0572
3.1E-4 3.6E-4 2.8E-3 3.0E-5 .0572
3.3E-4 3.7E-4 2.9E-3 4.0E-5 .0574
3.8E-4 3.7E-4 2.8E-3 1.0E-4 .0550
130
[Pb] (104 mmol/ml)
Fig. 3.49 The relationship between the effective capacity of the resin and equilibrium 
concentration of Pb2+ in aqueous phase at 298.15 K
ppb] (104 mmol)
Fig. 3.50 The relationship between Na+ released and Pb2+ taken up by the resin during
the extraction processes
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Table 3.13 Data for the uptake of goId(III) by the resin from aqueous solution at
298.15 K.
r [AuJj 
mmol/ml
[Na] mmol [Au] mmol [Au]e mmol/ml [Au]Rmmol/g
2.0E-5 2.1E-4 9.0E-5 1.1E-5 .00178
2.7E-5 2.5E-4 1.3E-4 1.4E-5 .0025
6.0E-5 2.8E-4 1.6E-4 4.4E-5 .0031
9.0E-5 3.6E-4 2.2E-4 6.8E-5 .0043
9.9E-5 3.7E-4 9.0E-4 1.0E-5 .0178
1.1E-4 3.6E-4 1.1E-3 1.0E-6 .0217
1.3E-4 3.6E-4 1.1E-3 2.0E-5 .0257
1.4E-4 3.5E-4 1.3E-3 1.0E-5 .0257
1.5E-4 3.6E-4 1.4E-3 1.0E-5 .0277
1.7E-4 3.6E-4 1.4E-3 3.0E-5 .0277
1.8E-4 3.6E-4 1.4E-3 4.0E-5 .0277
2.0E-4 3.6E-4 1.4E-3 6.0E-5 .0277
Fig. 3.51 The relationship between the effective capacity of the resin and equilibrium 
concentration of Au3+ in aqueous phase at 298.15 K
132
[Au] (104 mmol)
Fig. 3.52 The relationship between Na+ released and Au3+ taken up by the resin
during the extraction processes
3.13 Recovery of the new polymer
One o f the advantages o f this polymeric resin based on the fact that this material can 
be easily recovered just be washing it with 2 M  o f HC1 and distilled water. This 
simplicity in recovering is an extremely important factor in any extraction 
processes. Since one o f the main problems in the operation o f solvent extraction is 
the amount of solvent lost during recovering which might cause potential hazards to 
the environment. Therefore, this polymer is considered an alternative friendly 
recyclable material.
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3.14 Conclusions
From the results reported in this thesis, it may concluded that;
i) The synthesis and characterization of eddada has been successfully achieved. 
The most striking property as far as the ligand is concerned is found in the pKa 
values associated with the dissociation of the tertiary amino groups of the ligand, 
which are lower by about three log units relative to EDDA but fall within the range 
previously observed for EDTA ester (table 3.3).
ii) eddada interacts with metal cations in water forming coordination compounds 
of 1:1 stoichiometry. The stability of these metal-ion complexes in water at 298.15 
K( although lower than EDTA) is very high. In the context of this thesis, the 
usefulness of stability constant data are twofold. Firstly, these were used to 
determine the selectivity of eddada for a reference cation with respect to another 
ions. Secondly, these data provide quantitative information for the isolation of 
metal-ion complexes.
iii) Although at this stage it is not possible to suggest the structure of metal ion 
complexes of eddada, IR studies reveal that two types of complexation may occur.
iv) The medium seems to produce dramatic changes in the stability of metal-ion 
complexes as reflected in the thermodynamics of complexation of metal cations and 
eddada in N ,N  dimethylformamide. This may be partially attributed to the 
relatively basic nature of the solvent which provides a good solvating medium for 
these cations and consequently, a poor medium for complexation. However, 
solvation changes are likely to occur during the complexation of eddada with these 
metal cations and these lead to thermodynamic consequences. This statement is 
corroborated by the striking enthalpy-entropy compensation effect observed in the 
complexation process involving this solvent which result in loss of selectivity of this 
ligand for metal cations ( ACG° values are quite independent of the nature of the 
cation).
134
v) eddada is able to extract metal cations from aqueous solution at different pH’s. 
However, the maximum extraction is achieved at pH 4.
vi) The incorporation of eddada into a polymeric framework was successfully 
achieved. The capacity of the material to selectively extract metal cations from 
aqueous solutions is demonstrated. The fact that at the equilibrium, sodium ions are 
released from the resin and found in solution ( while metal cations are taking up by 
the resin) provides a strong indication that an ion-exchange process takes place. 
Since the uptake of metal cations by the new material is undoubtedly grater than the 
stoichiometric amounts of sodium found in solution, these results unambiguously 
demonstrate that the donor atoms of eddada in the resin phase are predominantly 
responsible for the selective uptake of metal cations by this material from aqueous 
solution.
vii) An important aspect of the polymeric material is that it can be easily recovered 
by treatment with HC1 ( 2.0 mol dm" ) followed by distilled water. The simplicity 
for recovering this material is an encouraging aspect as far as its applications are 
concerned. Indeed, this polymer offers an attractive friendly way of extracting metal 
cations from aqueous solutions. However, attempts should be made to improve the 
synthetic method o f preparation so a larger amount of eddada can be inserted into 
the polymer in order to increase the capacity of the material to extract metal cations 
from solution.
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3,15 Suggestions for further work
i) Further attempts should be made to isolate crystals suitable for X-ray diffraction 
studies in order to establish the structure of the metal ion complexes of eddada.
ii) Attempts should be made to polymerise the ligand through the aromatic rings by 
treatment with formic or oxalic acid and formaldehyde.
iii) Further investigations about the properties of this material should be carried out 
such as thermal degradation, calorimetric measurements on the heat of interaction of 
the polymer with different solvents ( swelling, hydration, solvation). Solid NMR  
studies on this material should be considered.
iv) The applications of this material in chromatographic separations, its use in the 
electrokinetic cell for soil cleaning should be investigated.
136
References
1. Pfeiffer, P.,Offerman, W ., Ber., 75, 1 (1942).
2. Pribil, R.,“Analytical Applications o f  EDTA and Related. Compounds”, 
P er gam on Press, Oxford. (1972).
3. Stein, J. , Fackler, J. P. , McClune, G. J., Fee, J. A., and Chan, L. T., Inorg. 
Chem., 18, 3511 (1979),
4. Fackler, J. P . , Kristine, F. J., Mazany, A. M ., Moyer, T. J., and Shepherd, R. E . , 
Inorg. Chem., 24, 1857 (1985).
5. Schwarzenbach,G., Gut, R. and Anderegg, G., Helv. Chim. Acta, 37, 937 (1954).
6. Schwarzenbach,G. and Heller, J. , Helv. Chim. Acta, 34,576 (1951).
7. Sawyer, D.T., and Paulsen, P. J., J. Am. Chem. Soc., 80,1597 (1958).
8. Schmid, R.W. and Reilley, C.N., J. Anal Chem., 78, 5513 (1956).
9. Schwarzenbach,G.,Gut, R. and Anderegg, G., Helv. Chim. Acta, 37, 937 (1954).
10. Care, R.A. and Staveley, L.A ., J .Chem. Soc. (A), 4571 (1956).
11. Ringbom, A., Svensk,G., Kem. Tiolska, 66, 159, (1954).
12. Pecsok, R .L ., Anal Chem. , 25, 561, (1953).
13. Swiss Patent No. 249, 369, (1948).
14. Hara, R. and West, P.W., Anal Chim. Acta, 12, 285 (1955).
15. Schwarzenbach, G. andFreitag, E., Helv. Chim. acta, 34, 1492 (1951).
16. Kinnunen, J. and Merikanto, B., Chim. Anal. 13, 47, (1954).
17. Schwarzenbach, G., Biedermann, G., Helv. Chim. Acta, 311, 331 (1948).
18. Leroi, E . , M ises an Point., Ser. 1,103 (1953).
19. Schwarzenbach, G., “D ie Komplexometrische Titration” , Ferdinand. Enke, 
Stuttgart, (1955).
20. Ackermann, H., Schwarzenbach,G., Helv. Chim. Acta, 1682 (1949).
21. Sundberg, W .M ., Mears, C.F., Goodwin, D.A., Diamanti, C.J., J. Med, Chim., 
17, 1304 (1974).
22. Mears, C. F. , Goodwin, D. A., Leung, C. S. H., Girgis, A. Y. , Silvester, D. J., 
Nunn, A. D., and Lavender, P. J ., Proc. N atl Acta. Sci. USA, 73, 3803 (1976).
137
23. Leung, C. S. and Mears, C. F., Biochem. Biophys. Res. C o m m im 75, 149 
(1977).
24. Eckelman, W . C . , Paik, C. H. and Reba, R. C . , Cancer Res., 40, 3036 (1980).
25. Creighton, A. M., Hellmann, K. and Whitecross, S., Nature (London), 222, 384, 
(1969).
26. Herman, E. H., Witiak, D. T., Hellmann, IC. and Waravdekar, V. S., Adv. 
Pharmacal Chemother., 19, 249 (1982).
27. Schwarzenbach, G., Gysling, H., Helv. Chim. Acta, 32, 1314 (1949).
28. Cheng, K.L., Ueno, K., Imamura, T. Handbook o f  Analytical, Reagents, CRC 
press, Florida (1982).
29. Korbl, J. ,Pribil, R., Chem. A n al,45, 162 (1956).
30. Spedding, F.H. and Daane, A.H., “ The Rare Earths M etal”, John Wiley and 
Sons, (1961).
31. Walker, F . , P h D  thesis. Texas state University (1980).
32. Bolick, L., Blankenhorn, D., Am. J. Path, 39,511 (1961).
33. Clark, N.E, Am. J. Cardiol, 6, 233 (1960).
34. Taliaferro, C. H., Motekaitis, R.J., Martell, A.E., Inorg. Chem., 23, 1188 (1984).
35. Turowski, P.N., Rodgers, S.J., Scarrow, R.C., Raymond, K.N., Inorg. Chem., 
27, 474 (1988).
36. Furst, A., “ Chemistry o f  Chelation in C ancer”, Thomas, Springfield, (1963)
37. French, F. A., and freedlander, B. L., Cancer Res., 18, 1290 (1958).
38. Booth, B. A., and Sartorelli, A. C., Nature, 210, 104 (1966).
39. Seven, M. J., and Johnson, L. A., “ Metal-Binding in M edicine”, 154, 
Lippincott, Philadelphia (1960).
40. Frei, E., and Freireich, E. J., Adv. in Chemother., 2 , 290 (1965).
41. Bishop, E., Indicators, Pergamon Press, Oxford (1972).
42. Creighton, A.M ., Heilman, K., whitecross,S., Nature (London), 222, 348(1969).
43. Creighton, A.M ., and Brinie, G. D . , Biochem. J. , 114, 58 (1969).
44. Field, E. O., Mauro, F., and Hellmann, K.. Cancer Chemother. Rep., 55, 527
(1971).
45. Brechbiel, M. W.,Gansow, O. A., Atcher, R. W ., Schlom, J., Esteban, J., 
Simpson, D. E., and Colcher, D., Inorg. Chem. ,25, 2112 (1986).
138
46. Hnatowich, D. J., Layne, W. W ., Childs, R. L., Lanteigne, D., Davis, M. A., 
Science (A), 220, 613 (1983).
47. Zolotov, Y .A ., Petrukhin, O.M. , and Alimarin, I.P. , Zh. Analit. Khim, 20, 347 
(1965).
48. Moore, F.L., Analyt Chem., 37, 1235 (1965).
49.Wheelwright, E.J., Spedding, F.H, J. Am. Chem. Soc., 75, 4196(1953).
50. Griessbach, R. Z., Angrew. Chem., 215 (1939).
51. Gregor, H.P. , Taifer, M. , Citarel, L. and Becker, E. I., Ind. Eng, Chem. 44, 
2834 (1952).
52. Hering, R., “Chelatbildende Ionenaustauscher, Akademie-Ver/ag”, Berlin, 
(1967).
53. Blasius, E. and Brozio, B., Z. Phys. Chem. ,68, 52 (1964).
54. Blasius, E. and Brozio, B., Z. Anal. Chem., 192,314 (1963).
55. Blasius, E. and Brozio, B., J. Chromatogi\, 18, 572 (1965).
56. Vernon, E. andEccles, H., Anal. Chim. Acta., 63, 403 (1973).
57. Parrish, J.R. and Stevenson, R., Anal. Chim. Acta 38, 189 (1974).
58. Koster, G. and Schmuckler, G . , Anal. Chim. Acta 38, 179 (1967).
59. Frechet, J.M and Farral, M.J , “Sympsium on Chemistiy and. Properties o f  
Crosslinked Polym ers”, AcadI Press, New York, (1977).
60. Hodge, P. and Sherrington, D.C., “Polym er Supported. Reactions in Organic 
Synthesis”, John Wiley and Sons, NeM> York, (1980).
61. Mathur, N .K  , Narang, C.K and Williams, R.E., “Polym ers As Aids In Organic 
Chemistry”. Academic Press, New York, (1980).
62. Overberger, C.G. and Smith, T.W ., Nato Adv .Study Sci. Ser. 4 (1974).
63. Pittman, C.V. and Evans, G .W ., Chem. Tech. 560 (1973).
64. Grubbs, R .H , Chem. Tech., 512 (1977).
65. Yanagida, S., Takahashi, K. and Okahara, M., J. Org. Chem., 44 ,1099 (1979).
66. Bhaduri, S., Ghost, A. , Khonwalkar, V. and Khwaja, H. , Ind. J. Chem. Ser A. 
4 ( 1980).
67. Davydova, S.L. and Barabanov, V .A , Izd[ Nauka, Moscow, CA 89 (1978).
68. Kobayashi, K. and Sumitomo, H., Polym. Bull. 1,121 (1978).
69. Egawa, H . , Jogo, Y. and Maeda, H . , Nippon Kagaku Kaishi, 12,1760 (1979).
139
70. Phillips, R.J. and Fritz, J .S ., Anal Chem., 50, 1504 (1978).
71. Woehrle, D. Woehrle, M abom ol. Chem. ,182, 2961 (1981/.
72. Sasaki, T., Asakawa, O. , Korosawa, K. , Mizushima, M. , Bull Soc. Chem.
Jpn., 53 (1980).
73. Marhol, M. and Chung, K.L., Talanta, 21, 751 (1974).
74. Dunitz, J.D “Structure and Bonding “ Vol 16, Springer Verlag Berlin (1973).
75. Izatt, R.M  and Christensen, J.J., uProgress in M acrocyclic Chemistry”, Wiley- 
Interscience New York (1979).
76. Manecke, G. and Kramer, A . , M abom ol. Chem. ,182, 3017 (1981).
77. Manecke, G. and Reuter, P., M abom ol Chem. ,182, 1973 (1981).
78. Manecke, G. and Reuter, P., J. M ol. CataL, 13, 355 (1981).
79. Blasius, F. , Janzen, K.P., Adrian, W ., Klautke, G., Lorshieder R. and Mauerer 
P.G. ,Z  Anal. Chem., 284, 337 (1977).
80. Gramain, P. and Frere, Y ., M acrom ol., 12, 1038 (1979).
81. Bormann, S., Brossas, J., Franta, E., Gramain, P. , and Kirch, P. , Tetrahedron 
lett.,2\,219\ (1975).
82. Molinari, H., Montanari, F., and Tiendo, P., J. Chem. Soc., 639 (1976).
83. Maeda, S., Motoda, K., Kumamoto, T., Imayoshi, M., Yakugaku, Jpn,31(5), 285 
(1982).
84. Kahovec, J ., Matejka, Z. and Stamberg, J ., Polym. Bull ,3 , 13 (1980).
85. Maeda, S. , Tsurusaki, Y ., Tachiyama, Y . , Naka, K. , Ohki, A. , Ohgushi, T. 
and Takeshita, T. , J. Poly. Sci. Chem.,32,1729, (1994).
86. Kahana, N., Arad-Yellin, R. and Warshawsky, A. , J. Org. Chem., 59, 4832 
(1994).
87. Phillips, R.J. and Fritz, J.S., Anal. Chem. ,50, 1504 (1978).
88. Moyers, E.M. and Fritz, J.S., Anal Chem. ,49, 418 (1977).
89. Hodgkin, J. H . , Willing, R.I. and Eibl, R . , J. Polym. S ci., 19,1239 (1981).
90. Parrish, J.R., " Separation of metals by induced flow through selective ion 
exchange resins", lab. Pract. ,24,399(1975).
91. El-Swiefy, F. and Ali, S .A ., J. Radional. Chem.,60, 353 (1980).
92. Neirinckx, R.D., Layne, W .W ., Swan, S.P. and Davis, M .A., Int.J. Appl.Radiat. 
Isot.,33,259 (1982).
i40
93. Egawa, H. and Tajima, S., "Determination o f  trace amounts o f  methylmercury in 
water", Kumamoto University lecture Ser.5 (1983).
94. Vernon, F. and Shah, T., R eact Polym .,1, 301 (1983).
95. Kondo, Y  . , Yamamoto, T. , Manabe, O., and Shinkai, S., Jpn. Kokai Tokkyo 
Koho JP 62/210055 A2  [87/210055] 16 sep.(1987).
96. Shikai, S . , Hirofumi, K. and Manabe, O. , J. Polym. Sci. C26, 391 (1988).
97. Kondo, Y. , Yamamoto, T. , Manabe, O. and Shinkai, S., Jpn. Kokai Tokkyo 
K ohoJP 63/7837 A2 [88/7837] 13 Jan. (1988).
98. Kondo, Y. , Yamamoto, T. , Manabe, O. and Shinkai, S., Jpn. Kokai Toklcyo 
Koho JP 63/99031A2 [88/99031] 30 Apr. (1988).
99. Perrin, D.D., Armarego, W .L.F., “Purification o f  Laboratory Chemicals”, 3rd 
EdI, Pergamon Press, Oxford ( 1988).
100. Furniss, B.S., Hannaford, A.J., Smith, P.W.G., Tatchell, A K . f  Vogel's 
Textbook o f  Practical Organic Chemistry”, 5th Ed, Longman Scientific and 
Technical, New York (1989).
101. Vogel, A . Elementry Practical Organic Chemistry”, 3rd E d, (1980).
102. Jeffery, G.H., Bassett, J., Mendham, J., Denney, R.C., “ Vogel's Textbook o f  
Quantitative Chemical Analysis ”, 5th Ed, Longman Scientific and Technical, New  
York (1989).
103. Schwarzenbach, G., Flaschka, H., “ Complexometric Titrations”, 5th Ed,, 
Mthuen, London (1969).
104. Flaschka, H., and Barnard, A. J., Z. Anal Chem,, 46,22 (1957).
105. Bassett, J., Mendham, J., Denney, R.C., “ Vogel’s Textbook o f  Quantitative 
Chemical. Analysis”, 6th Ed, Longman Scientific and Technical, New York (1992).
106. West, T.S., “ Complexometry with EDTA and Related R eagents”, British Drug 
Houses, 3rd Ed,, Poole, England (1969).
107. Beck, M. T., “Chemistry o f  Complex Equilibria”  Van Nostrand Reinhold ,New 
York, p.86 (1970).
108. Adrien, A., Serjeant, E.P., " The Determination o f  Ionization Constants" 
Chapman and. Hall Ltd, London (1971).
109. Sabatini, A . , Vacca, A. and Gans, P . , Talanta, 21,53 (1974).
110. Wadso, I. , Science Tools, 13, 33 (1966).
141
111. Sunner, S. And Wadso, I., Acta. Chem. Scand.., 13, 97 (1959).
112. Kluger, R. Hunt; J. Am. Chem. Soc., 106,5667 (1984)
113. Pitman, I.H. ; Uekama, IC.; Higuchi, T.; Hall, W.E., J. Am. Chem. Soc. 94,8147 
(1974).
114. Hall, W .E.; Higuchi, T.; Pitman, I. H.; Uekama, IC. J. Am. Chem. Soc. 94,8153
(1972).
115. Hipkin, J. and Satchell, D. P. N . ,,/. Am. Chem. Soc.(B), 345 (1966).
116. Lillford, P. J. and Satchell, D. P. N. , J. Am. Chem. Soc.(B), 360 (1967).
117. The Sadtler, “Handbook o f  Proton NMR Spectra”, Ed'. By Simons, W.W., 
Sadiler Research Lab, USA (1978).
118. Levy, G.C., Lichter, R.L. and Nelson, G. L., “Carbon-13 Nuclear M agnetic 
Resonance fo r  Organic Chemists” , Wiley, New York, 2nd Ed., (1980).
119. Cardenas, J. D., “ Synthesis , Characterisation and coordination properties o f  
a new EDTA derivative” Ph.D thesis, Surrey University, U.K (1993).
120. Chang, C. A., Peter, H., Chang, L. and Sheng-Ying Q., J. Inorg. Chem. 27, 
944 (1988).
121. Martell, A.E, Smith R.M, “Critical Stability Constants” , Plenum, New YorkL 
vol. 1, p  294 (1974).
122. Irving, H. and Williams, R . , Nature, 162, 746 (1948).
123. Chung-sun, C., J. Chem. Ed. , 61 ,1062 (1984).
124. Busch, D, H. and Bailer, J. C . , J. Am. Chem. Soc.,75,=4574 (1953).
125. Moeller, T., Moss, F. A. and Marshall, R. H., J. Am. Chem .Soc., 77,3182 
(1959).
126. Bellamy, L. J. , “ The Infrared Spectra o f  Complex M olecules”, vol. 2 , 2nd. Ed.. 
(1980).
127. March, J. “Advanced. Organic Chemistry”, 4th Ed. Wiley, New York (1992).
128. Zwierzk, A., Koziara, A.,Zawadzki, S., Synthesis, 527 (1979).
142
Appendix-1
This appendix contains two parts, the first part deals with the mathematical model 
used to determine the protonation constants of eddada ligand in water. The second 
part consist the program used for these calculations.
Mathematical model used
The ionization process of [N,N'-bis(acetic)-N,N'-bis(acetanilide)ethylendiamine] can 
be represented as:
TT T K1
H 2L  ^ ......-  H  +  H L
K 2  + -2
H L  ^ ------ -- H  +  L
The thermodynamic dissociation constants of H2L may be defined by the equations:
[H+][HL~] ,
K l = -   -y  (2.11)
\H2L] v '
[ H +][L-2]. y 2
K2  ----------------------  (2.12)
[HL- \ y  V >
Where [H] represents the concentration of hydrogen ions, y is the activity 
coefficient of the species involved.
According to Debye and HUclcel equation, the activity coefficient y is related to 
ionic strength by:
a z 24 i
logy =
1 +  Bafll
The terms A and B  are constants which vary with the dielectric constant and 
temperature of the solvent.
I  is the ionic strength and given by:
I  =  O . s Z f l Z 2
Where Q  is the molar concentration of the ion present in solution, the term a is the 
ion size parameter,i.e the mean distance of approach of ions, for which 5xl0~8 cm 
may be taken as the value at 25 °C.
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In solution, the total acid concentration Ca (molar)
Ca =  (H2L] +  [HL] +  [L-2]
When a strong monoacid base, which may be taken as completely dissociated has 
been added to give molar concentration Cb, the charge balance requires that:
Cb +  [H] =  [H L -]+2[L -] + [OH-]
if P,M, and N  were defined by the equations:111 
P =C b +  [H ]-[O H -]
P=[H L"] +  2[L"2]
M = Ca - Cb - [H] +  [OH"]
M = [H2L] - [L-2]
N = 2 C a -Cb -[H ] +  [OH"]
N = 2[H2L] +  [HL“]
Substitution in equation (2.12 ) leads to:
{H}2pYL-2/N= K i({H }y L-2/NYHL-) + K jK z  (2.13)
which can be expressed in an abbreviated form as:
X = KjY + K4K2 (2.14)
By using equation (2.12) in conjunction with equation (2.13) the thermodynamic 
constants K j and I<2 can be calculated according to the following steps:
(1) Solving equation (2.13) by the method of least squares will lead to obtain 
approximate values of K j and K2.
(2) The concentration of the ionized species can be calculated by using Kq and K 2 
in the equations:
(2.15)
(2.16) 
(2.17)D = [ H f  + k , [ H ] + k ,k 2 
Cf is the total concentration of the ligand to be titrated.
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(3) The values [HL~] and [L^-] are then used to calculate the approximate ionic 
strength and then the activity function.
(4) The hydrogen ion activity was converted to the corresponding concentration
(5) Equations (2.13 and 2.14) were solved by a least square method and K1 and K2 
were used from the former to calculate [HL"] and [L^“] as before, then these values 
were used to recalculate the ionic strength.
(6) Sequence of steps 4 and 5 were repeated until successive values of K 1 and IC2 
were constant.
The potentiometric titration data o f the EDTA derivative ( [N,N'-bis(acetic)-N,N'- 
bis(acetanilide)]ethylendiamine) in water were analysed using PKDI computer 
program written in Fortran-77 language.
C Program PKDI to determine the protonations constants of eddada 
C This program will calculate pka values of 
C Bifunctional compounds from potentiometric 
C data at 25 C.
C
COMMON pH(50),HACT(50),H(50),POH(50),OH(50),
1CONCA(50),VOLA(50),CONCS(50),ACT(50),ACT1(50),
2ACT2(5O),F(5O),A(5O),B(5O),X(5O),Y(50),DENOM(5O),
3HA(50),AA(50),STREN(50),FS(50),HCONC(50),FK1(50),
4PK1(50),FK2(50),PK2(50),NSUBS(40),H2A(50),CL(50)
C
c
C Read the total number of results (N) and the number in
C the first equivalent (K). read the constant values in
C the data. These are the molecular weight (SMOL) the weight
C of the ligand dissolved in the initial volume (AVOL), the
C concentration of titrant (ACONC). For diacidic bases read the 
C volume of acid,(VOL) and its concentration (ACID) used in
C the initial dissolution. Read the temperature (T) and the type c of the compound
(KYTPE) which is allocated as follows:
C Negative integer for acids
C Zero for ampholytes
C positive integer for bases.
C
C Read the name of the compound (NSUBS)
OPEN(55,FILE=,INPUT.buf)
986 READ(55,*) N,K,SMOL,AVOL,WT,ACONC,T,KTYPE,
1ACID,V0L 
C READ(20,*)(SUBS(T),I=1,4}
C 20 FORMAT (4A2)
IF (N) 999,999,99 
99 WRITE(6,21) (NSUBS(T>, 1=1,4)
21 FORMAT(1H1,///,30X,10HSUBSTANCE-,4A2)
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o
o
n
WRITE(6,39) SMOL,WT,AVOL,VOL, ACID,ACONC,T 
39 FORMAT(32X,17HMOLECULAR WEIGHT=,F5.1,//,24X, 
1F7.5,15HG DISSOLVED IN ,F6.2,11HML OF WATER,
2/,26X,l 1HCONTAINING ,F5.2,6HML OF,F6.4,
37HM HCLO4,/,10X,17HMOLARITY TITRANT=,F6.4,1HM,31X, 
412HTEMPERATURE=,F 4.1///11 X,3HV OL,4X,2KPH,9X, 
51HX,13X,1HY,13X,1HI,10X,3HPK1,4X,3HPK2)
Read N values of the volume of titrant 
and PH
READ(55,*) (PH(T),VOLA(I),I=l,N) 
WRITE(*,*)(PH(I),VOLA(I),I=l,N)
CLOSE(55)
C 22 FORMAT(2F10.4)
DO 11=1,N
IF (T.EQ.25.0) GO TO 23 
BB1 (T.EQ.20.0) GO to 24
23 POH(T)==14.000-PH(I)
GO TO 25
24 POH(I)=14.160-PH(T)
25 H(T)=10.0**(-POH(I))
WRITE(*,' (' ’25555555’ ’) ’)
HACT(I)=H(I)
OH(T)=10.0**(-POH(I))
CONCA(I)=VOLA(I)ACONC/(AVOL+VOLA(I))
CON CS(T)=WT* 10.0 * *3/(SMOL* (AV OL+V OLA(I)))
ACT1(I)=1.0
ACT2(I)=1.0
I ACT(I)=1.0
C
C Solve equations ( ) and ( ) by least squares to 
C obtain the mixed constants, CK1 and CK2 and the 
C thermodynamic constants, TK1 and TK2. Initially these 
C two sets of constants will be equal.
C
TK1=0.0
TK2=0.0
II SUMX=0.0 
SUMY=0.0 
SUMXY=0.0 
SUMX2=0.0 
SUMA=0.0 
SUMB=0.0 
SUMAB=0.0 
SUMA2=0.0 
TK1A=TK1 
TK2A=TK2 
Do 2 1=1,N
F(l)=(CON CA(I)+H ACT(I)-OH(l))/CON CS(1) 
A(T)=H(I)**2*F(I)/(2.0-F(I))
B(1)=H(I) * (1,0-F (I))/(2.0-F (I))
IF(KTYPE) 26,27,28
26 X(1)=A(1)/ACT2(1)
Y (I)=B(I)/ACT1 (I)
GO TO 29
27 X(I)=A(I)
Y(I)=B(1)/ACT(I)
146
GO TO 29
28 X(T)=A(I)*ACT2(I)
Y(I)=B(I)*ACT(I)
29 SUMY=SUMY+Y(I)
SUMB=SUMB+B(I)
SUMX=SUMX+X(I)
SUMA=SUMA+A(I)
SUM XY=SUM XY+X(I) - Y(T)
SUMAB=SUMAB+A(I)*B(I)
SUMX2=SUMX2+X(I)**2
WRITE(*,)
2 SUMA2=SUMA2+A(I)**2 
FN=N
DENOMl=(FN*SUMX2-SUMX**2)
DEN OM2=(FN* SUMA2-SUMA* *2)
SLOPEl=(FN*SUMXY-SUMX*SUMY)/DENOMl
SLOPE2=(FN*SUMAB-SUMA*SUMB)/DENOM2
CEPTl=(SUMX2*SUMY-SUMX*SUNXY)/DENOMl
CEP T2=(SUMA2 * SUMB-SUMAB)/DEN OM2
TK1=1.0/SLOPE1
CK1=1.0/SLOPE2
TK2=ABS(CEPT1)
CK2=ABS(CEPT2)
C
C Compute ionic strength and activity functions at 
C the appropriate temperatures for the given type 
C of compound.
C
Do 31=1,N
DEN OM(I)=(H(I) * *2+CKl *H(T)+CK1 *CK2)
HA(I)=((CKl*H(I))/DENOM(I))ACONCS(I)
AA(I)=((CKl*CK2)/DENOM(I))*CONCS(l)
H2A(1)=(H(1) * *2/DENOM(I)) * COIN CS(I) 
CL(l)=VOLACU)/(AVOL+VOLA(l))
IF (KTYPE) 36,37,38
36 STREN(I)=0.5*(CONCA(I)+HA(I)+4.0*AA(I))+1.5*HACT(I)
GO TO 35
37 STREN(I)=0.5*(CL(I)+H2A(I)+CONCA(I)+AA(I))+1.5*HACT(I)
GO TO 35
38 STREN(r)=0.5*(CL(I)+4.0*H2A(I)+CONCA(I)+HA(I))+1.5*HACT(I) 
35 FS(I)=STREN(I)**0.5/(1.0+1.6*(STREN(I)**0.5))
IF (T.EQ.25.0) GO TO 34 
IF (T.EQ.20.0) GO TO 33 
34 D=0.5115 
GO to 32 
33 D=0.5070
32 ACT(I)=10.0**(D*FS(I))
ACT1(I)=10.0**(3.0*D*FS(I))
ACT2(I)=10.0**(4.0*D*FS(I»
HCONC(J)=H(I)*ACT(I)
HACT(I)=HCONC(I)
3 OH(I)=10.0**(-14.00)/HACT(I)
C Check the convergence of the successive values 
C for each constant 
C
EPSIL A=ABS(TK1 * 10.0 * *(-5))
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EPSILB=ABS(TK2*10.0* *(-5»
DIFFA=ABS(TK1A-TK1)
DIFFB=ABS(TK2A-TK2)
IF (DIFFA.GT.EPSILA) GO TO 11 
IF (DIFFB.GT.EPSELB) GO TO 11
C
C Calculate of PK1 and Pk2 
C
SUM=0,0 
Do 4 1=1,k 
WRITE(*,)
FK1 (I) =X (I)/( Y (I)+TK2)
Z=-1.0
IF(FK1(I).LT.0.0) FK1(I)=FK1(I)* Z  
WRITE(*,*)FK1(I)
PK1(1)=ALOG10(1.0/FK1(I))
WRITE(*,")
4 SUM=SUM+PK1(T)
FN=K
AV1=SUM/FN
WRITE(6,112) (VOLA(T),PH(l),X(I),Y(I),STREN 
1(I),PK1(I),I=1,K)
112 FORMAT(10X,F5.3,F7.3,3E14.5,F9.3)
SUM=0.0
K1=K+1 
DO 5 I=K1,N
FK2(T)=SLOPEl*X(I)-Y(I)
IF(FK2(I)XT.0.0) FK2(I)=FK2(I)*Z 
PK2(I)=ALOG10(1.0/FK2(I»
5 SUM=SUM+PK2(1)
FN=N-K
AV2=SUM/FN
WRITE(6,113) (VOLA(T),PH(I),X(I),Y(1),STREN 
1(I),PK2(I),I=K1,N)
113 FORMAT(10X,F5.3,F7.3,3E14.5,9X,F7.3) 
WRITE(6,132) AV1, AV2
132 FORMAT(//,64X,12HAVERAGE PK1=,F5.3,/, 
160X,4HPK2=,F12.3)
GO TO 986 
999 CALL EXIT 
END
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Appendix-2
This appendix contains a program written in the Qbasic language to calculate 
stability constant and enthalpy of complexation.
DIM A(100), B(100), AV(IOO), AQ(IOO), Q(100), T(100), V(IOO)
color 14,12 
print 
print
print"  ” ;date$;" ” ;time$
LPRINT "  program calla.bas TM (APT)” 
print"
print ” PROGRAM CALLA.BAS % % % % % % % % % % % % % % % %  ”
PRINT” Thermochemistry 1994 % % % % % % % % % % % % % % % %  ”
PRINT ” DATA FOR TITRATION CALORYMETRY,
% % % % % % % % % % % % % % % %  "
PRINT” % % % % % % % % % % %  ”
INPUT "name...,” ; NS 
LPRINT N$,dateS,TIMES
INPUT ” number of data N
INPUT "concentration in vessel” ; CV
LPRINT using "concentration in vessel ###.###### CV
INPUT "concentration in burette” ; CB
INPUT "rate of burette. . . R
LPRINT using "concentration in burette ###.###### RATE ##.###### ” ; CB;R 
INPUT "j/s dilution....” ; JS
LPRINT using ”j/s dilution ###.##### number of data ### ” ; JS,n 
GOSUB 1000
65 INPUT "do you like to modify data? yes=l no=2” ; MD 
IF MD = 1 THEN GOSUB 1100: GOSUB 1500: GOTO 65 
GOSUB 1600: GOSUB 2000 
REM ** print results # ###
PRINT ” [A], [B], AQ,AV” 
print” No. [A] [B] [A]/[B] ”
FOR X  = 1 TO N
PRINT using ” ### ##.###Aaaa ##,###aaaa ###.#### ” ;x, A(X), B(X),a(x)/b(x)
NEXTX
LPRINT" Qi ti [Ai] [Bi] [A]/[B] AQ AV”
F O R X = l  TON
LPRINT USING” ##.#### ###.## ##.###AAAA ##.###AAAA ##,#### M.MM ##.### " ;  
Q(X); T(X); A(X); B(X); A(X) /  B(X); AQ(X); AV(X)
NEXTX
INPUT "  do you like to save? yes=l no=2” ; SA
IF SA = 1 THEN GOSUB 8000
END
1000 REM **** input data ****
PRINT "input q ,t(seg)"
F O R X =  1 TO N 
PRINT X;
INPUT Q, T 
Q(X) = Q: T(X) = T 
NEXTX  
RETURN 
1100 REM ###### exchange data ####
149
INPUT "some data of t? yes=l no=2. . MT
IF MT = 2 THEN GOTO 1220
INPUT "how many d a t a N T
FOR X  = 1 TO NT
INPUT "which data of t T Q
PRINT using" ####.#### ";T(TQ)
INPUT "new data. . NET:  T(TQ) = NET 
NEXTX
1220 INPUT "some data of q? yes=l no=2 . . QT 
IF QT = 2 THEN RETURN 
INPUT "how many d a t a N Q  
FOR X = 1 TO NQ 
INPUT "which data of q W Q  
PRINT using "  ###.##### ";Q(WQ)
INPUT "new data. . NEQ:  Q(WQ) = NEQ
NEXTX
RETURN
1500 REM #tm view of data #####
CLS
FOR X = 1 TO N
PRINT using "  ### ###.###### ###.#### "  ;X, Q(X), T(X)
NEXTX
RETURN
1600 REM ******** det of aq, av *******
FOR X  = 1 TO N
AQ = AQ + (Q(X) - JS * T(X))
MLI = R * T(X)
AV -  AV + MLI
AQ(X) = AQ: AV(X) = AV: V(X) = (AV + 50) /1000
NEXTX
AV = 0: AQ = 0
RETURN
2000 REM *calcule of a and b####
FORX = l TON  
B = CV * (50 /  (50 + AV(X)))
A = CB * AV(X) /  (50 + AV(X))
A(X) = A: B(X) = B
NEXTX
RETURN
8000 REM * * * * ** SAVE DATA * * * * * *
OPEN "O " , 1, N$
FORX = l  TON
PRINT #1, B(X), A(X), AQ(X), V(X)
NEXTX
CLOSE #1
REM ***** NL-RG*****
REM LPRINT "  PROGRAM KHNLR3.BAS (APT 1992) A + B = AB K(I)=K K(2) 
H
REM ***************************************
KEY OFF 
SCREEN 0 ,0 ,0  
COLOR 14,12 
CLS
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PRINT"  % % % % % % % % % % % % % % ”
PRINT” % %  PROGRAM KHNLR3
% % % % % % % % % % % % % % % % % % "
PRINT"  A + B = AB % % % % % % % % % % % % % % % % % % ”
PRINT"  % %  k(l)= K  k(2)= H % % % % % % % % % % % % % % % % % % ”
PRINT ” %  APT 1993 % % % % % % % % % % % % % % % % % % ”
PRINT"  % % % % % % % % % % % % % % ”
PRINT” DATE DATES;” TIME ” ;TIME$
INPUT”name................” ; N$
INPUT ’’number of points...” ; MM  
ON KEY(l) GOSUB RUR 
KEY(l) ON
DIM CB(50), CA(50), VO(50)
DIM WW(50), ZZ(50), YAY(50)
DIM A(20,20), B(20, 20), U(20, 20)
DIM V(20,20), W(20, 20)
DIM X(20), X9(20), F(20), F9(20)
DIM FO(20), H(20), K(20)
DIM XX(50), YY(50), Y(50)
GOTO 20000: REM jump to the main program 
300 REM ****************
REM ***** subrutine , invers *****
REM ****** input matrix in a() *****
REM ******* inverted matrix in w()***
REM
F O R I= l TON  
FOR J = 1 TO N 
B(I, J) = 0 
V(I, J) = 0
IF I <> J THEN GOTO 600 
B(I,J) = 1 
V(I, J) = 1 
600 NEXT J 
NEXT I
FOR Z  = 1 TO N
S = 0
REM
REM *** search for the pivot clement**
REM ***********************************
FOR I = Z TO N
IF S > ABS(A(I, Z »  THEN GOTO 1300 
S = ABS(A(I, Z » : T = I 
1300 NEXT I
REM *****************************
REM **** lines z and t will be exvhanged ***
REM
FOR1 = 1  TO N 
S = A(Z, I): A(Z, I) = A(T, I): A(T, I) = S 
NEXT I
IF ABS(A(Z, Z »  > IE-30 THEN GOTO 2400 
PRINT ” no inversiion is possible ” : END 
2400 V(Z, Z) = 0: V(T, T) = 0 
V(Z, T) = 1: V(T, Z) = 1
REM ***************************************
REM **** GAUSS-jORDAN ELIMINATION ********
REM
F O R I= l TON  
FOR J = 1 TO N
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IF I = Z THEN GOTO 4000 
IF J = Z THEN GOTO 4500 
U(I, J) = A(I, J) - A(Z, J) * A(I, Z) /  A(Z, Z)
GOTO 5000 
4000 IF I = J THEN GOTO 4350 
U(I, J) = -A(I, J) /  A(Z, Z)
GOTO 5000 
4350 U(Z, Z) = 1 / A(Z, Z)
GOTO 5000 
4500 U(I, Z) = A(J, Z) /  A(Z, Z)
5000 NEXT J: NEXT I
REM ****************************************
REM *** MULTIPLICATHON B= V*B *****
FORI = I TON  
FORJ = l  TON  
W(I, J) = 0 
FOR K = 1 TO N
W(I, J) = W(I, J) + V(I, K) * B(K, J)
NEXT K: NEXT J: NEXT I 
F O R I= l TO N: FORJ = lT O N  
B(I,J) = W(I,J)
NEXT J: NEXT I 
FORI = l TON  
FORJ = l TON  
A(I,J) = U(I,J): V(I,J) = 0 
IF I = J THEN V(I,J) = 1 
NEXT J: NEXT I 
NEXT Z
REM ************************************
REM *** THE RESULT IS OBTAINDED BY MULTIPLY ***
REM *** ING MATRIX A WITH THE PERMUTATION ****
REM ***** MATRIX B ****
REM ******************************************
FOR1 = 1  TO N 
FOR J = 1 TO N 
W(I, J) = 0 
F O R K = l TON
W(I, J) = W(I, J) + A(I, K) A B(K, J)
NEXT K: NEXT J: NEXT I 
RETURN: REM END OF INVERS 
12000 REM ***********************************************
REM ***** SUBROUTINE: FUNCTIONS ***********
REM ***** THE FUNCTHONS, WHOSE ROOTS HAVE TO ***** 
REM ****** BECALC ILATED, ARE PROGRAMMED HERE ***** 
REM dS/dK(j) *******
FOR J = 1 TO N: K(J) = X(J): NEXT J 
GOSUB 30000: FO = SS
FOR J = 1 TO N: DJ = ABS(X(J) /1000!) + IE-08 
K(J) = K(J) + DJ: GOSUB 30000 
F(J) = SS: K(J) = K(J) - 2 * DJ: GOSUB 30000 
F(J) = (F(J) - SS) /  2 /  DJ 
K(J) = X(J): NEXT J 
RETURN 
15000 REM
REM **** subroutine: partial ***
REM *** the partial derivates at the po- *****
REM *** sition x9() are calculated and *****
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REM ***** stpred in matrix a() *****
REM***** d(dS/dK(j) )/ dk(i) ******
REM
FOR I = 1 TO N: X(I) = X9(I): NEXT I 
GOSUB 12000: REM functions calling 
FOR I = 1 TO N: F9(T) = F(T): NEXT I 
FOR 13 = 1 TO N: Dl = ABS(X(I3) /10000!) + IE-08 
X(I3) = X(I3) + Dl: GOSUB 12000 
FOR J3 = 1 TO N: A(J3,13) = F(J3)
NEXT J3: X(I3) = X9(I3): NEXT 13 
FOR 13 = 1 TO N: Dl = ABS(X(I3) /10000!) + IE-08 
X(I3) = X(I3) - Dl: GOSUB 12000 
FOR J3 = 1 TO N: A(J3,13) = (A(J3,13) - F(J3)) / 2 / Dl 
NEXT J3: X(I3) = X9(I3): NEXT 13 
FOR 13 = 1 TO N: A(I3,13) = A(I3,13) + F6: NEXT 13 
RETURN
19000 REM ************************************************
REM *** subroutine : OUPUT *******
REM *************************************************
PRINT 
GOSUB 60000 
LOCATE 21,1
REM VIEW PRINT 19 TO 24 
FOR I = 1 TO N
PRINT USING ,fK( # )=  #######.## +/- " ;I ; X9(I);
PRINT USING "  mmm.m ";SQR(ABS(W(I, I) * SS / (NP-AWEI - N))) 
NEXT I
PRINT USING "SUM OF SQUARED ERRORS = ##.####AAAA ss
rem PRINT USING "factor #.##### SQR(SS / SSD)
PRINT "  Fl TO STOP"
RETURN
REM *****************************************************
20000 REM
REM **** lines z and t will be exvhanged ***
REM*** MAIN PROGRAM *******
REM *************************************************
N = 2: REM NUMBER OF PARAMETERS 
FF = 1: SM = 1E+30:ITT=1 
GOSUB 25000
PRINT "  INPUT OF THE ESTIMATED PARAMETERS"
PRINT
FOR I = 1 TO N: PRINT "k ("; I; ")= ";
INPUT X(T): X9(I) = X(I): NEXT I 
20400 GOSUB 15000: REM pARTIAL DERIVATIVES 
GOSUB 300: REM MATRIX INVERSION 
FOR 1=1  TO N: H(T) = 0 
FOR J = 1 TO N: H(I) = H(I) + W(I, J) " F9(J)
NEXT J: NEXT I
GOSUB 19000: REM ouput
GOSUB 35000: REM optimization factor
FOR I = 1 TO N: X9(I) = X9(I) - FF * H(I): NEXT I
ITT = ITT + 1
IF ITT = EIT THEN GOSUB 55000
GOTO 20400
REM
REM *** main program ends here **********
REM
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25000 REM
REM ******** subroutine : read data ********
REM ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft ftftftftftftft ft* ft* ft*
OPEN " i " ,  1, N$
F O R I= lT O  MM
INPUT #1, CB®, C A ® , Y Y ® , V O ®
NEXT I
QMIN = YY(1): QMA = YY(MM)
FOR I = MM TO 1 STEP -1
YYX = Y Y ®  - YY(I - 1): Y Y ®  = YYX: W W ®  = 1
IF YYX > QMA THEN QMA = YYX
IF YYX < QMIN THEN QMIN = YYX
NEXT I
CLOSE #1
INPUT "do you like to weight the points ..yes=l no~2 WPO
IF WPO = 2 THEN RETURN
FOR I = 1 TO MM: W W ®  = 1: NEXT I
INPUT "how many points NWP
FOR BA = 1 TO NWP
INPUT "which point OP
INPUT "weight " ;  WEI
NWEI=NWEI+WEI 
WW(OP) = WEI 
AWEI=NWEI:NWEI=0 
NEXT BA 
FOR I = 1 TO MM
PRINT USING "  ##.####AAA ##.###AAA ##.########.## ";C B ® ; C A ® , Y Y ® , 
W W ®
NEXT I 
RETURN
30000 REM ******************************************************
REM ******** subroutine : squared sum **********
REM ******* the sum of the squared desviations **********
REM ******* is evaluated in this section **********
REM ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft
SS = 0
FOR 1 = 1  TO MM  
GOSUB 50000: Y ®  = Y: Y = Y - Y Y ®
SS = SS + W W ®  * Y  * Y: SSD = Y Y ®  * Y Y ®  * W W ®
NEXT I 
RETURN
35000 REM *****************************************************
REM ** Subroutine: optimum ********
REM *** the optimization factor ff is determinated here **
REM ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft
FF = .6: FM = 0: DE = .5 
35310 GOSUB 35600
IF SS < SM THEN SM = SS: FM = FF: FF = FF + DF: GOTO 35310 
FF = FM - DF 
35335 GOSUB 35600
IF SS < SM THEN SM = SS: FM = FF: FF = FF - DF: GOTO 35335 
FOR J = 1 TO 7 
DF = DF / 2
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FF = FM + DF: GOSUB 35600 
IF SS < SM THEN SM = SS: FM = FF: GOTO 35430 
FF = FM - DF: GOSUB 35600 
IF SS < SM THEN SM = SS: FM = FF 
35430 NEXT J 
FF = FM 
RETURN
35600 FOR I = 1 TO N: K(T) = X9(l) - FF * H(I): NEXT I 
GOSUB 30000 
RETURN 
50000 REM
REM * * * * * * * * sub routine : function of regression *****
REM
abk=ca(i)+cb(i)+l/k(l):ac4=4*(ca(i)*cb(i))
conc=(abk-sqr(abkA2-ac4))/2
ZZ(I) = conc:ZZZ = conc*vo(i)- ZZ(I - l)*vo(i-l)
Y = ZZZ * K(2): YAY(T) = Y 
RETURN
55000 REM ########## PRINT YCAL YOBS //////////////////////////////////////
LPRINT
LPRINT "  PROGRAM KHNLR3 APT(1992) A + B = C K(l) = K K(2) = H 
LPRINT N$
PRINT"  Q cal Qobs Qcal-qobs"
LPRINT " I Q  cal Qobs Qcal-qobs %  error"
FOR I = 1 TO MM  
ERRO = YAY(I) - YY(T)
PRINT USING" ##,##### m.mm ###.##### ";YAY(I); YY(1); YAY(I) - YY(I)
T  P D T N T  T T Q T lV t f " 1 -H-H-H mt4l4i44- -ffLH-f -fiff-ff1l44 -ff-tf -f f f f f f -f t I f  I f  If  f f  f f  f f  f f  I t  11 If  f i l lJ L /J r  X V L lN  J. U  o J L L x  v J  r r r r  i j  i T t t #7 7 7 /7 / / r 7 r  THLfTdtitn'TTTr ifH**rrittt tt t t i r  f t  it » t t t t W  r r r r
";I;YAY(I);YY(I);ERRO;ABS(100 * ERRO / YAY(T));WW(I)
NEXT I
FORI = 1 TO N
LPRINT USING "  K( # ) #########.## ";I ; X9(l); 
lprint"+  /
LPRINT USING" #######.## " ;  SQR(ABS(W(I, I) * SS /  (NP - N)))
NEXT I
LPRINT USING "  SUM OF SQUARED ERRORS = ###.####AAAA " ;  SS
HFR=SQR(SS/SSD)
LPRINT USING" factor #.##### " ;  hfr ; 
rem LPRINT "  ( " ;  N; "  , " ;  MM - N; "  ) "
RETURN
RETURN
60000r e m mmmmmmm graph//////////////////////////////////////////////////
SCREEN 1 
CLS
VIEW (10,10)-(300,140),, 1
WINDOW (0, QMIN*1.08 )-(MM*1.08, QMA * .9)
F O R I= lT O  MM  
PSET (I, YY(1)), 3 
PSET (I, Y(T)), 1 
NEXT I 
RETURN 
REM ***************************
RUR:
INPUT "  PRINT YES=1 NO=2 ";UTR  
IF UTR=1 THEN GOSUB 55000 
END
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Appendix-3
T h is  a p p e n d ix  c o n ta in s  t itra t io n  d a ta  fo r  c o m p le x a t io n  in  D M F  o b ta in e d  w ith  
M K B -8 7 0 0  t itra t io n  c a lo r im e te r .
Table 3-A Calorimetrie titration data for Cu(II) perchlorate with EDTA derivative in 
N,N dimethylformamide at 298,15 K.
[M z+ ]  m o l d m '3 [L ]  m o l d m '3 QCO V (c m 5)
2 .9 7 4 E '4 2 .7 3  IE '3 -0 .0 6 6 3 0 .1 1 4
2 .9 5 4 E ’4 5 .4 2 9 E ’5 -0 .0 5 9 7 0 .2 2 7
2 .932E "4 8 .073E "5 -0 .0 5 1 9 0 .3 3 8
2 .9 1  IE '4 1 .0 7 0 E ’4 -0 .0 5 9 1 0 .4 5 0
2 .888E "4 1 .3 3 6 E ’4 -0 .0 5 9 1 0 .5 6 3
2 .8 6 6 E '4 1 .601E "4 -0 .0 5 9 1 0 .6 7 6
2 .8 4 4 E '4 1 .9 0 3 E '4 -0 .0 6 6 3 0 .7 8 8
2 .4 3  IE"4 2 .1 7 3 E ’4 -0 .0 7 3 5 0 .9 2 4
2 .2 1 4 E '4 2 .2 4  IE '4 -0 .0 7 9 3 1 .0 1 6
1 .9 8 4 E ’4 2 .4 7 2 E '4 -0 .0 8 5 2 1 .2 6 2
where [M] is the concentration o f the metal cations in the reaction vessel. 
[L] is the concentration o f the ligand.
Q is the corrected heat liberated inside the reaction vessel.
V  is the volume o f the ligand added.
Table 3-B Calorimetrie titration data for Ni(II) perchlorate with EDTA derivative in 
N,N dimethylformamide at 298.15 K.
[M 2 ' ] m o l dm"3 [L ]  m o l d m '3 Q(J) V (c m 3)
2 .7 4 1 E '£f 2 .6 3 3 E ° -0 .0 7 7 2 0 .1 1 3
2 .7 2 6 E ’4 7 .4 6 6 E ° -0 .0 7 6 5 0 .2 2 7
2 .6 8 3 E '4 8 .8 3  I E '5 -0 .0 6 5 7 0 .3 3 9
2 .6 5 2 E '4 1 .557E "4 -0 .0 6 5 7 0 .4 5 2
2 .63 2E "4 1 .618E "4 -0 .0 6 1 9 0 .5 6 4
2 .5 8 4 E '4 1 .7 7  I E '4 -0 .0 5 3 1 0 .6 7 7
2 .3 5 7 E '4 1 .8 8 3 E 4 -0 .0 6 9 6 2 0 .7 9 8
2 .25 2E "4 2 .2 2 3 E '4 -0 .0 9 2 6 0 .9 2 4
2 .1 9 5 E '4 2 .3 5  I E '4 -0 .0 7 9 3 1 .161
1 .7 7 3 E '4 2 .5 1  I E '4 -0 .0 8 5 2 1 .311
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Table 3-C Calorimetric titration data for Hg(II) perchlorate with EDTA derivative in
N,N dimethylformamide at 298.15 K.
[M i+ ] m o l d m '3 [L ]  m o l d m ’3 Q(J) V (c m 3)
2 .752E "* 3 .6 6 3 E ’5 -0 .1 2 4 7 0 .1 1 2
2 .66 2E "4 5 .7 3  I E '5 -0 .1 2 7 3 0 .2 2 4
2 .6 1  IE '4 8 .6 1 2 E ’5 -0 .1 3 3 4 0 .3 3 5
2 .5 8  IE '4 1 .4 1 0 E '4 -0 .1 0 3 0 0 .4 4 7
2 .5 1 7 E '4 1 .7 7 2 E '4 -0 .1 1 2 0 0 .5 5 9
2 .4 6 2 E ’4 1 .9 8  I E '4 -0 .1 2 0 1 0 .6 7 2
2 .4 2 2 E '4 2 .11 6 E "4 -0 .1 1 0 3 0 .7 8 4
2 .3 7 5 E '4 2 .2 8 8 E '4 -0 .0 9 3 6 0 .8 9 6
2 .3 16E ’4 2 .3 3  IE '4 -0 .0 7 2 2 1 .0 1 2
2 .1 1 7 E '4 2 .5 1 6 E '4 -0 .0 4 1 2 1 .2 2 2
Table 3-D Calorimetric titration data for Cd(II) perchlorate with EDTA derivative in 
N,N dimethylformamide at 298.15 K.
[M 3 i ] m o l d m ’3 [L ]  m o l d m '3 QCD V (c m 3)  n
2 .7 7 5 E '4 2 .5 7 2 E "3 -0 .0 1 4 3 0 .1 1 5
2 .562E "4 5 .735E "5 -0 .0 1 4 3 0 .2 2 9
2 .3 4 1 E '4 8 .6 3 3 E '5 -0 .0 1 8 1 0 .3 4 4
2 .2 7 3 E '4 1 .4 4  IE ’4 -0 .0 1 8 1 0 .4 5 6
2 .1 9 4 E ’4 1 .6 9 2 E ’4 -0 .0 1 7 4 0 .5 6 7
2 .1 7 3 E '4 1 .8 2 9 E '4 -0 .0 1 5 8 0 .6 7 5
1 .9 6 2 E '4 1 .993E "4 -0 .0 1 5 1 0 .7 9 9
1 .7 4 8 E '4 2 .1 4 3 E '4 -0 .0 1 4 1 0 .9 5 3
1 .522E "4 2 .2 5 2 E '4 -0 .0 1 4 0 1 .1 1 4
1 .3 2 6 E '4 2 .4 2  I E '4 -0 .0 1 1 0 1 .321
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Table 3-E Calorimetrie titration data for Pb(II) perchlorate with EDTA derivative in
N,N dimethylformamide at 298.15 K.
[M z+ ] m o l d m '3 [L ]  m o l d m '3 O f f ) V (c m 3)
2 .7 4 1 E '* 3 .9 3  I E '3 -0 .0 6 8 5 0 .1 1 5
2 .5 8 3 E '4 5 .8 8 0 E ’5 -0 .0 7 4 8 0 .2 3 1
2 .4 4 9 E '4 7 .9 8 3 E '5 -0 .0 7 4 9 0 .3 6 2
2 .3 9 2 E '4 1.3 3 IE '4 -0 .0 7 8 5 0 .4 5 5
2 .292E "4 2 .2 0 7 E ’4 -0 .0 7 5 2 0 .5 6 7
2 .1 5 2 E '4 2 .7 8  IE '4 -0 .0 7 1 1 0 .6 6 5
1 .9 7 4 E '4 2 .8 8 3 E '4 -0 .0 6 7 2 0 .7 9 5
1 .8 5 3 E '4 3 .1 2 3 E '4 -0 .0 5 9 1 0 .9 2 7
1 1 .649E "4 3 .4 5  IE '4 -0 .0 5 8 1 1 .1 1 6
1 .5 7 2 E '4 3 .6 2  IE '4 -0 .0 4 3 3 1 .2 6 4
Table 3-F Calorimetrie titration data for Co(II) perchlorate with EDTA derivative in 
N,N dimethylformamide at 298.15 K.
[M z+ ] m o l d m '3 [L ]  m o l d m '3 m V (c m 3)
2 .8 7 4 E 'H 2 .9 3 2 E '3 -0 .0 1 4 3 0 .1 1 5
2 .6 6 3 E '4 4 .8 4 2 E '5 -0 .0 1 4 2 0 .2 2 3
2 .5 8 4 E '4 7 .9 4 2 E ’5 -0 .0 1 4 2 0 .3 4 8
2 .4 8 4 E ’4 1 .1 1 0E '4 -0 .0 1 5 8 0 .4 6 2
2 .3 5  IE '4 1 .3 8 2 E '4 -0 .0 1 5 1 0 .5 6 2
2 .2 1  I E '4 1 .582E "4 -0 .0 1 5 4 0 .6 7 1
2 .0 2 1 E '4 2 .1 1 0 E ’4 -0 .0 1 5 7 0 .7 4 2
1 .8 8 4 E '4 2 .3 5  I E '4 -0 .0 1 4 1 0 .9 1 1
1.639E "4 2 .6 3  I E '4 -0 .0 1 3 8 1 .211
1 .4 5 3 E '4 2 .8 2 1 E '4 -0 .0 1 3 4 1 .2 6 2
1 .3 16E '4 2 .9 1  I E '4 -0 .0 1 3 1 1 .3 1 2
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Table 3G Calorimetric titration data for Zn(II) perchlorate with EDTA derivative in
N,N dimethylformamide at 298.15 K.
[M Zi" ] m o l d m '3 [L ]  m o l d m '3 Q(J) V (c m 3)
2 .741E "4 3 .9 3  IE '3 -0 .0 6 8 5 0 .1 1 5
2 .5 8 3 E '4 5 .880E "5 -0 .0 7 4 8 0 .2 3 1
2 .4 4 9 E ’4 7 .9 8 3 E "5 -0 .0 7 4 9 0 .3 6 2
2 .3 9 2 E '4 1 .3 3  I E '4 -0 .0 7 8 5 0 .4 5 5
2 .2 9 2 E ’4 2 .2 0 7 E '4 -0 .0 7 5 2 0 .5 6 7
2 .1 5 2 E '4 2 .7 8  I E '4 -0 .0 7 1 1 0 .6 6 5
1 .974E "4 2 .8 8 3 E '4 -0 .0 6 7 2 0 .7 9 5
1 .853E "4 3 .1 2 3 E '4 -0 .0 5 9 1 0 .9 2 7
1 .6 4 9 E '4 3 .4 5  I E '4 -0 .0 5 8 1 1 .1 1 6
1 .5 7 2 E '4 3 .6 2 1 E '4 -0 .0 4 3 3 1 .2 6 4
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